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ABSTRACT
Chapter I
The r i s e  l i f e t im e s  and decay l i f e t im e s  of the  lo n g - liv ed
luminescences of naph tha lene-dg , phenanthrene and tr ip h e n y le n e
in  s o lu t io n  in  r i g id  g la s s e s ,  and o f p h e n a n th re n e -d ^ ,  phenanthrene,
n a p h th a le n e -d _ and chrysene in  s o lu t io n  in  a b iphenyl mixed c r y s t a l  o
system have been in v e s t ig a te d .  I t  has been found th a t  the  r i s e - t im e  
i s  in v a r ia b ly  s h o r te r  than  the decay tim e. This phenomenon i s  
s a t i s f a c t o r i l y  e x p lic a b le  on the b a s is  of the fo llow ing  a t t i t u d e s :
In  r i g id  g la s s e s ,  t r i p l e t - t r i p l e t  a b o srp t io n  ev en ts  c o n tr ib u te  to  
depo pu la tio n  of the  t r i p l e t  s t a t e  and decrease  the  r i s e - t i m e ;  in  
mixed c r y s t a l ,  on the o th e r  hand, t r i p l e t - t r i p l e t  a n n ih i l a t io n  
even ts  a re  dom inantly re sp o n s ib le  fo r  a b b re v ia t in g  the r i s e - t im e .
The e f f e c t s  of e x c i t a t io n  i n t e n s i t y  and e x c i t a t io n  wavelength on 
the  r l s e - t im e s  of r i g id  g la s s  s o lu t io n s ,  and the  e f f e c t s  of e x c i ta t io n  
i n t e n s i t y ,  c o n c e n tra t io n  of guest sp e c ie s ,  and tem perature  on the 
r i s e - t im e s  of mixed c r y s t a l  systems a re  d iscussed .
Chapter I I
The p rocesses  of excimer and delayed excimer f lu o rescen ce  
o f pyrene in  propylene g ly co l have been in v e s t ig a te d  in  the tem perature  
range 300°K -  170°K. I t  i s  shown t h a t  a l l  r e s u l t s  a re  e x p l ic a b le  on 
the b a s is  of a k i n e t i c  mechanism which invokes only  c o n tac t  t r i p l e t -  
t r i p l e t  a n n ih i l a t io n .  A ll  r e le v a n t  k i n e t i c  param eters and t h e i r
ix
tem pera tu re  dependence have been e la b o ra te d .  I t  i s  shown th a t  the 
b ranching  r a t i o  i s  a  “■ 2 and th a t  i t  in c re a s e s  s l l g h ly  w ith  d ecreas ing  
tem p era tu re .  A number of o th e r  to p ic s  a re  a ls o  broached and 
su g g es tio n s  of both an experim ental and t h e o r e t i c a l  n a tu re  a re  
made concerning them.
Chapter I I I
Phosphorescence, f lu o re sc e n c e ,  delayed f lu o re sc e n c e ,  excimer 
f lu o rescen ce  and delayed excimer f lu o rescen ce  of pyrene have been 
s tu d ied  in  a h o s t  b iphenyl system. The delayed f luo rescen ce  and 
delayed excimer f lu o rescen ce  a re  b ie x c i to n ic ,  have id e n t i c a l  l i f e t im e s  
a t  a l l  tem pera tu res  and e x h ib i t  s im i la r  dependency of em ission  i n t e n s i t y  
on tem p era tu re ;  th e r e f o r e ,  they both  o r ig in a te  in  i d e n t i c a l  k in e t i c  
e v e n ts .  These even ts  involve therm al d e p le t io n  o f a t r a p  of energy 
'—1000 cm  ̂ l e s s  than the  lowest energy host e x c i to n  t r i p l e t  band and 
of l i f e t im e  ~ 0 .2  se c .  I t  appears th a t  t ra p p in g  of the  h os t  t r i p l e t  
e x c i to n  occurs more e f f i c i e n t l y  a t  monomer pyrene s i t e s  than  a t  
nascen t excim eric  pyrene s i t e s .  The excimer and delayed excimer 
f lu o rescen ce  e x h ib i t  v i b r a t io n a l  s t r u c tu r e  under c e r t a i n  c ircum stances; 
t h i s  s t r u c tu r e  i s  an a ly sa b le  in  terms o f  A^ modes of the  ground s t a t e  
monomeric pyrene . Those c r y s t a l s  which possess  broad ( i . e . ,  unresolved) 
excimer sp e c tra  e x h ib i t  a d i s t i n c t  red s h i f t  of t h i s  spectrum as the 
tem perature  i s  d ecreased ; t h i s  behavior i s  r a t i o n a l i z e d  h e re in .
The gu es t  phosphorescence i n t e n s i t y  and l i f e t im e  a re  more or l e s s  
tem pera ture  Independent; t h i s  behavior i s  q u i te  c h a r a c t e r i s t i c  of
m a te r i a l s  w ith  la rg e  T1u - T._ band gaps. E x c i ta t io n  sp e c tra  fo rIn  lb
a l l  em issions a re  p re se n te d ;  i t  i s  shown thereby  th a t  t r a p  spec ie s
o th e r  than  T. a re  the r e s e r v o i r  whence therm al e x c i t a t io n  to  the lb
h o s t  e x c i to n  band T1U proceeds . The t h e s i s  developed i s  t h a tIn
delayed excimer f luo rescence  and delayed f luo rescen ce  a re  produced 
by a n n ih i l a t io n  of a t r a p  t r i p l e t  and a g uest t r i p l e t .
Chapter IV
Sem lem pirical charge s e l f - c o n s i s t e n t  MO c a lc u la t io n s  have
been c a r r ie d  out fo r  a very  la rg e  number of benzene dimers of d i f f e r e n t
geom etric  conform ations ( e . g . ,  D6h, C ^ ,  S2, C^, S ^ ,  C ^ ,  e t c . ) .  I t
has been found th a t  the  most s ta b le  excimer conform ation i s  not the
most symmetric ( i . e . ,  bu t r a th e r  one in  which th e  r in g s  a re
r o ta t e d  r e l a t i v e l y  about the D,. a x is  an d /o r  t i l t e d ,  one w ithon
re s p e c t  to  the o th e r .  The l i f e t im e  of excimer f luo rescence  can be 
s a t i s f a c t o r i l y  exp la ined  only i f  one of the benzene r in g s  i s  t i l t e d  
w ith  re s p e c t  to  the o th e r .  A number of suggestions  a re  made concerning 
so lven t  e f f e c t s ,  and the  presence o f underly ing  continua  in  d i s c r e t e  
a b so rp t io n  s p e c t r a ,  e t c .  In  p a r t i c u l a r ,  a concept of co n tac t  excimer 
a b so rp t io n  i s  broached and r a t i o n a l i z e d .  The r e s u l t s  of computation 
a re  in  e x c e l le n t  agreement w ith  the  genera l run of a v a i la b le  
experim ental d a ta .
x i
CHAPTER I
THE GROWTH AND DECAY OF DELAYED LUMINESCENCE
INTRODUCTION
The phosphorescence decay (T^ -* So) of thoroughly
deoxygenated so lu t io n s  of very  pure arom atic  hydrocarbons in
g la s s  m a tr ic e s  i s  u su a l ly  f i r s t  o rd e r .  The mean l i f e t im e  of the
decay process , Tp, i s  obtained from the equation [ l / I Q]p = ex p (-t /T p) ,
where [ l Q]p I s the  s teady  s t a t e  phosphorescence i n t e n s i t y  p r i o r
to  c u t - o f f  of e x c i t a t io n .  The mean l i f e t im e  of the  r i s e  p ro cess ,
should be obtainable from the expression [ ( I  - I ) / I  1_ *=■ exp(-t/T*S  p o o r  p
a p p l ie d ,  in  t h i s  in s ta n c e ,  to  the  growth of phosphorescence i n t e n s i t y
R Da f t e r  onse t of e x c i t a t i o n .  I t  i s  u su a l ly  expected th a t  t = t , -
P P
ap p a re n t ly  in  the b e l i e f  t h a t  the e x c i t in g  r a d i a t i o n  which leads
to  Tj p o p u la t io n s  does not in f lu e n c e  theae  T  ̂ p o p u la t io n s  in  any
o th e r  way. This a s s e r t i o n  i s  in v a l id .  T r i p l e t - t r i p l e t  ab so rp t io n
1-5p ro cesses  (T^ *- T^) a re  very  w e ll  known , and the occurrence
of th ese  p rocesses  during  growth can lead to  a sim ultaneous
d e p re ss io n  o f  p o p u la t io n  d e n s i t i e s  and an e f f e c t i v e  decrease
in  the e x c i t a t io n  i n t e n s i t y  a v a i la b le  fo r  the •- Sq even t .
These p ro c e sse s ,  of cou rse , a re  I n e f f e c t iv e  during  decay. T here fo re , 
R Done ex pec ts  Tp < Tp. Since t o t a l  *- a b so rp t io n  p r o b a b i l i t i e s
a re  fu n c t io n s  of wavelength and of T  ̂ p o p u la t io n  d e n s i t i e s ,  i t
R Dfo llow s th a t  the  magnitude of the in e q u a l i ty  Tp < Tp w i l l  depend 
on w avelength and e x c i t a t io n  i n t e n s i t y .
T r i p l e t - t r i p l e t  ab so rp t io n  even ts  w i l l  a l s o  be a c t iv e  in  
mixed s in g le  c r y s t a l  system s. However, in  t h i s  in s ta n c e ,  we
2
b e l ie v e  th a t  b ie x c i to n lc  even ts  - as opposed to  the  b lpho ton ic
even ts  d iscu ssed  in  th e  preced ing  paragraph , dominate the
R Dmagnitude of the  in e q u a l i ty  Tp < Tp . The r e le v a n t  p o in t  i s  
t h a t  the in te g ra te d  po pu la tio n  du ring  growth (a s  pa ram eterized ,
say, by J q° Ip d t )  i s  ve ry  much la r g e r  than  th a t  du ring  decay
(param ete r ized , co rre sp ond ing ly , by Ip d t ) .  T h ere fo re ,  any
o
T^ d e p le t iv e  k in e t i c s  which a re  su p e r l in e a r  in  T^ po p u la t io n
R Dd e n s i t i e s  w i l l  in c re a se  the in e q u a l i ty  t < t . The t r i p l e t -
P P
t r i p l e t  a n n ih i l a t io n  p rocess  i s  one such ev en t ,  and the one 
which we wish to  im p lica te  in  the r i s e  and decay c h a r a c t e r i s t i c s  
of the  mixed c r y s t a l  systems to  be d iscu ssed  h e re .  The k in e t i c s  
of T^ - T^ a n n ih i l a t io n  have a lre a d y  been discussed***^ in  a form 
convenient to  our p re sen t  purpose.
R DIn c o n tr a s t  to  the  behav io r of Tp and Tp fo r  phosphorescence,
i t  i s  expected th a t  the  r i s e  and decay tim es of delayed f lu o rescen ce
D Rshould e x h ib i t  an inverse  behav io r:  namely t„  < T~_. Indeed,
J DF DF *
under id e a l  c o n d it io n s  of n o n -a n n ih i la t io n  l im ite d  k i n e t i c s  and
R D R Dv a n ish in g  e x c i t a t io n  i n t e n s i t i e s  we should expect Tjjp=Tp='’'p=2TDp.
The purpose o f the p re sen t  work i s  to  v e r i f y  the above 
c o n s id e ra t io n s  and to  i l l u s t r a t e  (1) how T  ̂ -  a b so rp t io n  
in fo rm ation  may be ob tained  from r i s e - t im e  da ta  on g la s sy  s o lu t io n s ,  
and (2) how a n n ih i l a t io n  d a ta  may be ob tained  from r i s e - t im e  data  
on mixed c r y s t a l  system s. The p re sen t  work i s  an a m p l i f ic a t io n  of
Q
some very  b r i e f  comments made elsewhere . (See Appendix I ) .
EXPERIMENTAL
P u r i f i c a t io n  methods, degass ing  procedures and c ry s ta l
growth techn iques  were i d e n t i c a l  to  ones a lre ad y  descr ibed  by
u s ^ ’ ^. L ife tim e measurement techn iques  used here have a ls o  been
descr ibed  previously^*
L ife tim e measurements on the g la s sy  systems were not
e n t i r e l y  s a t i s f a c to r y  and, to  a deg ree , our d i s s a t i s f a c t i o n  w ith
th ese  measurements caused us to  c u r t a i l  our work on th ese  systems. 
R DN e ith e r  Tp nor Tp fo r  g la s sy  systems were e x a c t ly  re p ro d u c ib le ;
we b e l ie v e  th a t  the observed v a r i a t i o n s  (±8%), which were q u i te
o u ts id e  the measurement e r r o r s  of ±3%, were caused by tem perature
changes in  the  sample brought about by su percoo ling  of the l iq u id
N or by changes in  the 0„ co n ten t of the  l iq u id  N . We a lso  
2 ^
b e liev e  i t  v i r t u a l l y  im possib le  to  ever reproduce a g iven g la s sy
system in  view of the rap id  thermal quenching techn iques  used to
produce them; indeed, the c h a r a c t e r i s t i c s  of a g la s sy  so lu t io n
vary  from p o in t  to  p o in t  in  the s o lu t io n s ,  and a corresponding
s c a t t e r  of decay v a lu e s  i s  p re d ic te d .  However, the g la s sy
s o lu t io n  l i f e t im e  d a ta  a re  s u f f i c i e n t  to  the  demands placed on
them h e re .  In  c o n t r a s t ,  mixed c r y s t a l  l i f e t im e  d a ta  were
rep ro d u c ib le  w ith in  ap p ara tu s  e r r o r .
A ll  of the mixed c r y s t a l  systems s tu d ied  were chosen
such t h a t  the  T ex c i to n  le v e l  was of h ig her  energy than  the 111
T, l e v e l ;  guest i s  denoted "G" and h o s t  i s  denoted"H".IG
A n n ih i la t io n  even ts  in  t h i s  type of system are q u i te  w ell 
unders tood^’
EXPERIMENTAL RESULTS
Phosphorescence in  Rigid Glass Media
The g en era l  behavior o f phosphorescence decay and growth
in  nap h tah len e-dQ, t r ip h e n y le n e  and phenanthrene in  r i g id  g la s s  o
m a tr ic e s  a t  77°K, i s  shown in  F i g . l .  Both the growth and decay
a re  e x p o n e n t ia l .  In  g e n e ra l ,  the phosphorescence r i s e - t im e s
a re  sm alle r  than or equal to  the  corresponding  decay-tim es. The
r i s e - t im e  depends on the  e x c i t a t io n  i n t e n s i t y :  the  h igher the
i n t e n s i t y  of e x c i t a t io n ,  the l a r g e r  the d i f fe re n c e  between decay
and r i s e - t i m e s .  Furtherm ore, the r i s e - t im e  depends on the
wavelength of e x c i t a t io n .  On the o th e r  hand, the decay-tim e
i s  independent of both  e x c i t a t io n  i n t e n s i t y  and e x c i ta t io n
R Dwavelength . Some ty p ic a l  and Tp d a ta ,  and the  e f f e c t s  of 
bo th  e x c i ta t io n  i n t e n s i t y  and wavelength th e reo n , a re  given in  
Table I  fo r  the systems: Naphthalene-dg in  EPA; phenanthrene in
EPA; dhrysene in  EPA; and tr ip h e n y le n e  in  n u jo l .  No delayed 
f lu o rescen ce  was observab le  in  any of these  system s.
Phosphorescence and Delayed F luorescence  in  Mixed C ry s ta ls
The r i s e  and decay curves of phosphorescence and delayed 
f luo rescence  of p h e n a n th re n e -d ^  and naph tha lene-dg  in  biphenyl 
a t  77°K a re  shown in  F igs .2 (A  & B) and 3(A & B). The e x h ib i te d  
behavior i s  q u i te  g e n e ra l .  The phosphorescence and delayed 
f luo rescence  are observed on ly  from the guest sp e c ie s .
5
6
F i g . l :  Phosphorescence decay ( f u l l  l in e s )  and growth (dashed
l in e s )  curves.
(A) N aphthalene-dQ in  EPA a t  77°K; X = 270mu,; X =470mp,;o exc em
= 16.6 sec ;  t°  = 19.9 sec . C=5 x 10 ^ M -naphthalene-d0. 
P P 8
(B) Triphenylene in  n u jo l  a t  77°K; X = 290mp,; X = 465mp,;6X0 cm
- 3 R DC = 10 M -tr ipheny lene ; Tp = 10.4 sec ;  Tp = 13.4 sec .
(C) Phenanthrene in  EPA a t  77°K; X = 290mu,; X = 465mu;'  exc em ^
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TABLE I
MEAN LIFETIME OF THE GROWTH AND DECAY OF PHOSPHORESCENCE 
OF RIGID GLASS MATRICES AT 77°K
( i )  NAPHTHALENE-dQ IN EPA8
E x c i ta t io n  wavelength dependence 
a t  co n s tan t  e x c i t a t i o n  i n t e n s i t y
. R D 
exc Tp Tp
(mp.) . (sec )  (sec )
D RT "TP P 
(sec)
g = (kp-kp)
/ “ Is (sec  )
*TT“ (K*+g)
250 18.4 1?.6 1 .2 0.0032 0.027
260 18.2 20.5 2 .3 0.0062 0.051
270 16.6 19.9 3 .3 0.0100 0.075
280 19.0 20.5 1 .5 0.0037 0.032
290 20.9 20.9 0 .0 0.0000 0.000
a) The c o n ce n tra t io n  was C =
-3
10 M -naphthalene-dfi.
b) The va lue of (1- $ ) from r e f . 10 of te x tF i s  0 .45 .
E x c i ta t io n i n t e n s i t y  dependence a t constan t
e x c i t a t io n  wavelength (260mu)







( t “  - A
P P 
(sec)
1007. 19.7 21.6 1.9
807. 20.2 21.6 1 .4
207. 20.5 21.3 0 .8
107. 21.6 21.6 0 .0




Table I  (Continued)
( i l )  TRIPHENYLENE IN NUJOL8 















a) C oncen tra tion  was C = 10 M -triphenylene .
E x c i ta t io n  i n t e n s i t y  dependence a t  co ns tan t  e x c i ta t io n
wavelength (290nm)
I  ( r e l a t i v e )6XC
R
TP
( s e c )
D
TP






a) C oncen tra tion  was C = 10 M -triphenylene .
Table I (Continued)








Triphenylene 1 2 . 2 15.1 -207.
Phenanthrene 3.3 3.9 -157.
Chrysene 2.4 2 . 6 -107.
a) The c o n ce n tra t io n  of 'each  of the  s o lu te s  was
C = 10“ i n a l l  c a se s ,  X = 290mu.’ exc ^
10
F i g . 2: (1) The phosphorescence decay (A) and growth (B) and the
delayed f lu o rescen ce  decay (C) and growth (D) of a 
_ 3
2.7x10 M/M s o lu t io n  of p h e n a n t h r e n e - d i n  b iphenyl
A R
c r y s t a l  a t  77 K; X = 2900111,. ( t = 7 .2  se c ;exc r  p
= 9 .94 sec ;  t!L = 5.90 sec ;  tJL = 1.94 s e c ) .p D t D t
( I I )  I d e n t i c a l  to  F i g . 2(1) but fo r  a 3.4x10 ^ M/M
naphtha lene-d„  s o lu t io n  in  b iphenyl c r y s t a l  a t  77°K;O
X = 300mu. ( tR = 12.4 sec ;  tD = 15.84 sec ;  exc P P
= 10.8 sec ;  tL, = 3.46 s e c ) .
R e la t iv e  I n t e n s i ty
3 roo -p"o vno C"\o













F i g . 3: ( I )  Decays and growths of delayed luminescence of
p h e n a n th re n e -d ^  in  b iphenyl c r y s t a l  a t  77°K*
Other c o n d it io n s  were i d e n t i c a l  to  those  in  F i g . 2 (1 ) .
( I I )  I d e n t i c a l  to  F i g . 3(1) but fo r  naph tha lene-dg  in  b iphenyl 
c r y s t a l  a t  77°K. Other c o n d it io n s  were i d e n t i c a l  to  


























t ime ( t )  s ec
The growth and decay of phosphorescence In the  longer 
time reg ion  I s  exponen t ia l  a t  a l l  t em pera tu re s ;  d e v ia t io n  from 
e x p o n e n t l a l i t y  does occur but  only in  the  ve ry  sh o r t  time reg ion .  
Our d i s c u s s io n  w i l l  be concerned p r im a r i ly  w i th  the  e x p o n e n t l a l i t y  
observed in  the longer time reg ion .
R DIn  g en era l  i t  i s  found t h a t  t < t • The va lue  of
P P
the  r i s e - t i m e  depends on the  i n t e n s i t y  of e x c i t i n g  l i g h t ,  the
c o n c e n t ra t io n  of the  gues t  sp ec ies  in  the  mixed c r y s t a l ,  the
manner in  which the  guest  o r  hos t  s i n g l e t  s t a t e s  a re  i n t i a l l y
populated by the e x c i t i n g  l i g h t ,  and the tempera ture  of the
m ix ed -c ry s ta l  system. Data which i s  i l l u s t r a t i v e  of the  above
dependencies i s  g iven  in  Tables II- V for  the  l o n g - l iv e d  emiss ions
of phenanthrene-d _, phenanthrene,  n a p h th a le n e -d .  and chrysene
1 0  o
in  s o lu t io n  in  a biphenyl c r y s t a l .  When the  r i s e  or decay
c h a r a c t e r i s t i c  i s  hot a s in g le  e x p o n en t ia l ,  i t  may be expressed 
as a sum of two exponen t ia l  components, - the  major i n t e n s i t y  
c o n t r ib u t io n  always be ing  a s s o c ia te d  w ith  the component of 
longer  l i f e t i m e .
Data on the growth and decay of the  delayed f luo rescence  
of mixed c r y s t a l  systems i s  a l s o  presen ted  in  Tables I I  -IV. I t
i s  u s u a l ly  observed t h a t  tdf i s  somewhat l e s s  than  but comparable
R Dto  t  ; i t  i s  always observed t h a t  j  i s  co n s ide rab ly  l e s s  than p Dr
tDF* AS c o n c e n t r a t*on gues t  i s  d e c reased ,  or  as  e x c i t a t i o n
R R Di n t e n s i t y  i s  d imin ished ,  i t  i s  seen th a t  -*t . Furthermore,DF p p
as i s  a l r e a d y  known, th e re  e x i s t s  a temperature  a t  which
TABLE I I
GROWTH AND DECAY CHARACTERISTICS OF PHSOPHORESCENCE AND 
DELAYED FLUORESCENCE OF PHEANANTHRENE- d L Q IN BIPHENYL








M/M (sec)  (sec) (sec )  (sec)
Long Short  Long Short Long Short Long Short
L o
i
7.6  3 .5  9.7 5.9 1.9 3 .2  0 .6 0.150
~ io - 3 7.1 1.7 9 .9 2 .8  2 .3  0 .5 0.246
2 . 7 x 1 0 " 3 6.9  2 .5  9 .8  2.6 4 .6  1 .2  1 .9  0 .4 0.252
a) Xexc = 290mp,; T = 77°K.
b) Two f i r s t  o rder  time dependences a re  a n a ly sed ;  they  a re  
denoted " long" and " s h o r t " .
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Table I I  (Continued)














Long Short  Long Short  Long Short Long Short
1007. 7 .2 ----- 9.9 ----- 5.9 2 . 0 1.9 0 .3 0.227
807. 7.9 — 9.9 ----- 5.6 0 .9 1 . 8 0 .3 0.144
407. 8 . 6 — 1 0 . 1 ----- 7.2 2 . 2 2 . 0 0 . 2 0.090
2 0 % 8 . 8 — 1 0 , 1 ----- 6 . 8 — 2 . 1 0 . 2 0.080
1 0 % 9 .4 — 1 0 . 1 ----- "6 . 2 - - -  ~1 .3 - 0 . 1 0.040
a) \  = 290mu; C = 2 . 7 x l ( f 3  m/M; T = 77°K.
GXC “
b) Two f i r s t  order time dependences are an a lysed ; they are denoted
"long" and "short".
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Table I I  (Continued)














Long Short Long Short Lopg Short Long Short
1 0 0 % 7.6 3.5 9.7 5.9 1.9 3.2 0 .5 0.150
80% 8.3 3.6 9.9 — 6 . 2 2 . 2 2 . 8 0.5 0.105
40% 8.5 3.2 9 .8  — 7.3 2.3 2 . 8 0.5 0.082
1 0 % 8.9 4 .3 9.7 — 8 . 2 3.3 3.9 0 . 6 0.042
a) X = 290mp,; C = 10" 4  M/M; T = 77°K.
6XC
b) Two f i r s t  order time dependences are analysed; they are denoted
"long’' and "short".
16
Table I I  (Continued)















Long Short Long Short Long Short Long Short
1 0 0 % 8.3 2.9 9.7 — 6.5 ----- 3.3 0 .6 0.091
40% 8.9 — 9.8  - - - 8 . 1 ---- 3 .4  0.7 0.051
2 0 % 9.0 - - - 9 .8  — 8.4 ----- 3.6  0 .6 0.046
1 0 % 9.4  — 9.8  — 9.1 ----- -----  ----- 0.024
a) Xexc 310mp,; C = 10 ' 4  M/M; T = 77°K ♦
b) T\*o f i r s t  order time dependencies are analysed ; they are denoted
"long" and "short".
17
Table I I  (Continued)
















Long Short Long Short Long Short Long Short
1 2 1 1.9 ------- 3.4 ------- 1 . 6 — 0.9 0 .3 0.509
130 1 . 1 ------- 1.5 ------- 0.7 — 0 . 6 0 . 2 0.239
144 0.27 ------- 0.29 ------- 0.19 — 0.13 ----- 0.038
150 -0 .1 9 -0 .1 9 ----- ----- — ----- £0 . 0 1 0
164 ----- ------- ------- ------- 0 . 1 2 — 0.07 ------- -----
a) \  = 290mn; C = 2 .7 x l0 ~ 3  M/M.
b) Two f i r s t  order time dependencies are analysed; they are denoted
"long" and "short".
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TABLE I I I
GROWTH AND DECAY CHARACTERISTICS OF PHOSPHORESCENCE AND
DELAYED FLUORESCENCE OF NAPHTHALENE-d_ IN BIPHENYL    ■ ■ 0  " ' -  —















Long Short Long Short Long Short Long Short
1007. 12.4 1.4 15.5 2 . 6 10.8 4 .3 3.5 0.7 0.141
807. 1 2 . 0 ----- 15.1 10.8 3.2 2.9 0 . 6 0.146
40% 13.0 ----- 15.1 - - - 11.5 1.5 2 . 8 0.4 0.087
2 0 % 13.4 ----- • 15.4 — 1 1 . 8  - - - 3.0 0 .4 0.080
1 0 % 13.5 ----- 15.1 - — -----  ----- ----- ----- 0.063
a) Xexc = 300inp,; C = lO- 3  M/M; T = 77°K.




GROWTH AND DECAY CHARACTERISTICS OF PHOSPHORESCENCE AND 
DELAYED FLUORESCENCE OF PHENANTHRENE IN BIPHENYL

















Long Short Long Short Long Short Long Short
1 0 0 % 2.5 1 . 2 2.9 ----- 2.3 1 . 0 ----- ----- 0.086
80% 2.7 1 . 1 3.0 ----- 2 . 1 0 . 8 1 . 2 0 .3 0.059
40% 2.9 1.5 3.0 ---- 2 . 8 1 . 0 1.7 0 . 2 0.018
2 0 % 2 . 8 ---- 2.9 — 2.4 - - -  . 0 0 . 2 0.018
1 0 % ~3.0 ~ 1 . 6 3.0 ---- ---- ---- ---- ---- £0 . 0 1 0
a) \  = 290mu,; C = 3xl0" 3  M/M; T = 77°K.exc p —




GROWTH AND DECAY CHARACTERISTICS OF PHOSPHORESCENCE OF
CHRYSENE IN BIPHENYL
£
I l l u s t r a t i n g  Temperature Dependence










77 1.73 2 . 0 2 0.091
1 1 1 1 . 6 6 1.87 0.067
129 1.80 1.94 0.040
146 1.80 2 . 0 2 0.065
166 1.87 2 . 0 2 0.042
183 1.87 2 . 0 2 0.042
2 0 0 1.73 1.87 0.042
a) \ gxc = 290mp,; C = 10~ 3  M/M.
KINETICS
The k i n e t i c s  a p p l i c a b le  to  r i g i d  g la s s  m at r ices  d i f f e r  
from those a p p ro p r ia te  to mixed c r y s t a l  systems.  In the r i g id  
g l a s s  systems, the  e x c i t a t i o n  energy i s  more or l e s s  i s o l a t e d  
in  one molecule , whereas in mixed c r y s t a l  systems, energy 
t r a n s f e r  occurs from molecule to  molecule and the e x c i t a t i o n  
energy i s  more or l e s s  d e lo c a l i z e d .  In the  former case ,  t r i p l e t -  
t r i p l e t  a b so rp t ion  of  bo th  the  e x c i t i n g  l i g h t  and the emit ted  
phosphorescent l i g h t  c o n t r ib u te s  s i g n i f i c a n t l y  to  the  depopula t ion  
of t r i p l e t  s t a t e s ;  in  the  l a t t e r  case ,  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  
c o n t r ib u te s  s i g n i f i c a n t l y ^ ' ^ ^  ^  to  the depopu la t ion  of t r i p l e t  
s t a t e s .  We w i l l  thus break our k i n e t i c  cons idera t ions  in to  two 
p a r t s .
Rig id-Glass  Systems
Under c o n d i t io n s  of s teady i r r a d i a t i o n ,  the fol lowing 
r e a c t i o n s  are  considered  to be important  in  the r i g i d  g la s s  
m atr ix :
E 13
S + h v  >■ S- Absorption
° k*
S *" S + h\j Radia t ive  f luorescence
k ° F1 J K, = k* + k




2 >. T, In te r sy s tem  c ro ss in g
k*3 > S + hv- Radia t ive  phosp ho rescen t
k o r
3 JK_ = k* + k.
S N onrad ia t ive  quenching
• I
3 " 3 3
T
+ hv ------- >■ T, T r i p l e t - t r i p l e t  a b s o r p t io n ;  T^ i s
1  the h igher  energy t r i p l e t
8 2
i  T^ (Nonrad ia t ive )  i n t e r n a l  conversion
g3T ^i  ------- > In te r sy s tem  c ro s s in g .
21
22
The r a t e  of popu la t ion  of the exc i ted  s t a t e s  i s  g iven by
d[SL] / d t  = Eo[So] -(Kl  + k 2) [ S ^  + g3  [Tt ] . . . . 1
d f T j / d t  = k 2 [SL] -  (K3 + g l ) [ T ^  + g 2 [Ti ] . . . . 2
d[Tt ] / d t  = g l [Tx] - (g 2  + g3) [ T ^  . . . . 3
A p p l ica t io n  of s t e a d y - s t a t e  c o nd i t io n s  to  [S^] and [T^] leads  to
[ T j  = g x [ T 1 ] / ( g 2+ g 3 )
By d e f in in g  g s  8 ^ 3 / ( 8 2 +8 3 ) .  E q ' s .  1&2 s im p l i fy  as  fo l lows:
d [S ^ ] /d t  = Eq[So] - (Kx + t Sl^ + 8  ^Tl^  = 0  * ’ * * 4
d[Tx] / d t  = k 2 [S1] - (K3  + g) [Tx3 . . . . 5
T here fo re ,  the  growth c h a r a c t e r i s t i c  and s t e a d y - s t a t e  i n t e n s i t y  
of phosphorescence may be expressed a s :
( I / I o) p = 1 - exp[-CK3 + g ) t ]  . . . . 6
( I o)p = k$ k 2 [S 1 ] / (K 3 +g) • • • • 7
In o th e r  words, the  phosphorescence r i s e - t i m e  =(K3 +g) ^=(1/K^),
whereas the phosphorescence decay time = K3* = ( l /K ^ ) .  Thus,
the d i f f e r e n c e  between the r i s e  and decay r a t e  c o n s tan t s  of
phosphorescence appears  in  the t r i p l e t - t r i p l e t  ab so rp t io n  f a c t o r .
R DThe f a c to r  g = (k - k ) depends on the i n t e n s i t y  of e x c i t i n g
P P
l i g h t  and the T  ̂ *- a b so rp t io n  c o e f f i c i e n t ;  the  l a t t e r  i s  a
f u n c t io n  of  the wavelength of the e x c i t i n g  r a d i a t i o n .
Because of T «- T1 c o n t r i b u t io n s  to  the  d e p le t io n  of 
J
23
t r i p l e t  s t a t e  d e n s i t i e s ,  the r a d i a t i v e  phosphorescence quantum 
y ie ld  must be modified to
*p = k* ( l - « F) / ( K 3 +g) . . . . 8
where $ i s  the t o t a l  f luorescence  quantum y i e l d .  In a s im i l a r  F
manner, the quantum y i e ld  of t r i p l e t - t r l p l e t  a b s o r p t io n ,  1 ^ ,  
which i s  r e l a t e d  to  the  corresponding  o p t i c a l  d e n s i ty ,  w i l l  be 
obtained as
= g ( l - # F) / ( K 3 +g) s  [ l - ( T p / T p ) ] ( l - $ F ) . . . . 9
The s teady  s t a t e  c o n c e n t ra t io n s  o f  the t r i p l e t  s t a t e  and the 
ground s i n g l e t  s t a t e  a re  then  r e l a t e d  to  each o th e r  v i a  Eq 's .4 ,7&9, 
which r e l a t i o n  may be w r i t t e n
[ * i W „  = E0 <1 - * r >/ ( K 3+ * ‘ F ) s  • — 10
I t  i s  apparen t  from these  e xp re ss io n s  t h a t  the  l a r g e r  the  t r i p l e t -
t r i p l e t  a b so rp t io n  r a t e ,  the  l a r g e r  w i l l  be the i n e q u a l i t y
R . D
T <  T •P P
Mixed C ry s ta l  Systems.
In  the  m ix e d -c ry s ta l  systems,  where t r i p l e t - t r i p l e t  a n n i h i l a t i o n  
phenomena have been observed, the  decays of  phosphorescence and 
of delayed f luo rescence  have been d iscussed  e a r l i e r ^ .  The decay 
of phosphorescence i s  g iven by:
( I / I 0) p = ( l -A ) / [e x p (K 3 t )  - A] . . . . 1 1
where
A = k6 [T1 ] 6 / ( K3 +k6 [T1]o) = [(1+4K)* - 1]/[(1+4K)* + 1] . . . . 1 2
K = k* k ,  R / (K.+k„) K2  . . . . 1 3it o o i  i  j
kfis  K^(2 Kx+k2 ) / (K1 +k2> + K5  . . . . 1 4
The decay of delayed f luorescence  i s  given by
( l / l o) DF = ( l - A ) 2 /[exp(K 3 t )  - A] 2  . . . . 1 5
where and a re  defined  fo r  the  fo l lowing k i n e t i c  p o s s i b i l i t i e s  
K4T, + T, ------- *■ S + S A n n ih i la t io n
I  1 K, 1 °
T, + T,  T, + S A n n ih i la t io n
I I  1 o
The growth of phosphorescence and delayed f luo rescence  
may be obtained from the fo l lowing  r a t e  equat ions
d[S1] / d t  = Rq - (Kt + + K̂ ] 2  = 0 . . . . 1 6
or
[S1] = (Rq + K̂ CTj  ̂] 2) /  <Kx+k2) . . . . 1 7
d f T ^ / d t  = k ^ ]  - K3[Tl ] -  (2K^+K3) CT132
= [k 2 Ro/(K 1 +k2) ]  - K ^ ]  - ^ [ T ^ 2  . . . . 1 8
I n t e g r a t i o n  of Eq.18 leads  to  a d e s c r i p t i o n  of the phosphorescence 
growth:
[ ( I o - I ) / I 0 ]p = ( l+A)/[exp(K 3 [ l+4K]^t)  + A] . . . . 1 9
The growth of delayed f luo rescence  i s  given by:
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o r ,  e q u iv a le n t ly ,
[ ( I o- I ) / I o] DF = {2(l+A)/[exp(K 3 [ l+4K]^t)  + A]
- ( l+ A ) 2 / [exp(K 3 [ l+4K]^t)  + A]2] . . . . 2 0 ( a )
T here fo re ,  in  m ix e d -c ry s ta l  systems, the  r i s e - t i m e  of  phosphorescence 
w i l l  be given by
=  [K3(1+4K)V1 - - 2 1
Thus, the t r i p l e t - t r i p l e t  a n n i h i l a t i o n  leads  to a shor ten ing  of
the r i s e - t i m e  of phosphorescence r e l a t i v e  to  the  decay time.
The decay time of' phosphorescence i s  p red ic te d  not to  be
s i g n i f i c a n t l y  a f f e c t e d .  The decay of delayed f luo rescence  i s
p red ic ted  to  have a l i f e t i m e  tIL, which i s  equal  to  t^ / 2. On theDF p
o th e r  hand, a t  l e a s t  a t  longer  t imes,  i t  i s  p red ic te d  t h a t  T^p
R R Dshould equal  t  and t h a t  T -., > t^ - ..  The a n n i h i l a t i v e  parameter p Dr Dr
K which, by Eq.12, de termines A should be r e a d i l y  d e r iv a b le  from
R Dthe i n e q u a l i t y  t < t  •
P P
DISCUSSION
Phosphorescence Growth and Decay in  Glass  M atr ices
A l l  of the  experimental  r e s u l t s  a v a i l a b l e  to  us fo r
r i g i d  g l a s s  systems a re  ex p l ica b le  using only the *- t r i p l e t
R Dd e p le t iv e  mechanism. The decrease  of the i n e q u a l i t y  t < T
P P
w ith  decreas ing  i n t e n s i t y  which i s  exemplif ied  in  Tables I  ( i )  and
( i i )  i s  in  accord with k i n e t i c s  but  does not d i s t i n g u i s h  between
Tj *- T^ and T^ - T^ p ro cesses .
Now naphthalene  possesses  two s t rong  T̂  «- T^ a b so rp t ion
reg io ns :  4150X and 2600&, r e s p e c t i v e l y .  The da ta  of Table I ( i )
i n d i c a t e  t h a t  peaks in  the  v i c i n i t y  of 2700&, q u i te  in  accord
w ith  e x p e c ta t io n  fo r  a T, ► T. mechansim. The r e s u l t s  of some
J 1
experiments in which two l i g h t  sources were used are  presen ted
in  Table VII .  The primary source produced T^ popu la t ion s  and
was switched o f f  to  i n i t i a t e  decay.  The secondary source produced
en erg ie s  which were e f f i c i e n t  in  e x c i t i n g  the  T  ̂ T^ abso rp t io n
a t  4150&, but i n e f f i c i e n t  in  producing T^ p o p u la t io n s .  I t  was
observed th a t  e i t h e r  decreased or remained unchanged in  the  
P
presence of the  secondary source ;  i t  was never observed to
in c r e a s e .  On the  o th e r  hand, s im i l a r  experiments on phenanthrene-d
gues t -b ipheny l  host  c r y s t a l s  in d ic a te d  no change of induced
by the presence of the secondary source .  We a r e ,  t h e r e f o r e ,  of
the  opin ion  t h a t  the T . •- T, mechanism s tands  v a l i d a t e d  as a
J 1




P i l i p o v ic h  e t  a l . ^  have rep o r ted  fo r  a c r l f l a v i n e
R Din sugar c r y s t a l s ;  they have a l s o  noted t h a t  Tp -* Tp as I exc 0 t 
q u i te  in  accord with  our o b se rv a t io n s .  Brinen and Hodgson^ have 
noted s i m i l a r  i n e q u a l i t i e s  monitor ing the  p opu la t ions  by EPR, 
phosphorescence and t r i p l e t - t r i p l e t  ab so rp t io n  tech n iq u e s .  All  
of  these  obse rva t ions  are  c o n s i s t e n t  wi th  the  mechanism proposed 
by us.
Phosphorescence Growth and Decay in  Mixed C ry s ta l s
R DThe i n e q u a l i t y  Tp < Tp observed in  mixed c r y s t a l  
systems i s  a t t r i b u t e d  to t r i p l e t - t r i p l e t  a n n i h i l a t i o n  fo r  the 
fo l lowing  reasons :
(1) Gross agreement with  p r e d i c t i o n  fo r  i n t e n s i t y  
dependence and c o n ce n t ra t io n  dependence (see  
Tables I I ( i ) ,  I I ( i i ) ,  I l ( i i i ) ,  I I ( i v ) ,  I I I  & IV).
(2) The presence of a con s id e rab le  i n t e n s i t y  of 
delayed f lu o rescence .
(3) The absence of  any observable  e f f e c t  on t^
caused by a secondary l i g h t  source (see  Table V I I ) .
R L _ i
(4) The f a c t  t h a t  the  computed va lue  of t =[K_(1+4K) ]p J
I s  in good agreement w ith  the  exper imenta l  va lue
of t^ (see Table VI) .
P
(5) The temperature  dependence d a ta  accord in  a rough 
but q u a n t i t a t i v e  way w i th  d a ta  of s im i l a r  na tu re  




EFFECT OF K ON THE GROWTH AND DECAY OF PHOSPHORESCENCE










[K3 ] ' 1
(sec)
0 . 0 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0
0.39 6.48 6.25 9.61 1 0 . 0
0.75 5.26 5.00 9.36 1 0 . 0
2 . 0 0 3.45 3.33 9.21 1 0 . 0
a) Experimental  v a lu es  from p l o t s  drawn according  to  Eq.19.
b) Experimental  v a lues  from p l o t s  drawn according  to  E q . l l .
TABLE VII























EPA IQ' 3 Deuterium Xenon^ 200-400 415 2 0 . 2 19.8
EPA lO' 3 Xenon bTungsten 280 360-600 2 1 . 2 2 0 . 2






Phenanthrene-d ^ Biphenyl ~10_3 M/M Xenon Xenon3 310 < 480 9.65 9,65
^426 9.65 9.65
a) The exper imenta l  co n f ig u ra t io n  i s  such t h a t  both primary and secondary sources e x c i t e  the  sample 
i n  the  same i d e n t i c a l  reg ion  of the  sample* This experimental  c o n f ig u ra t io n  should be maximally 
e f f i c i e n t  in  T  ̂ — T^ ab so rp t io n .
b) The experimental  co n f ig u ra t io n  i s  such th a t  both primary and secondary sources e x c i t e  th e  sample 
i n  d i f f e r e n t  reg ions  of th e  sample; i n  o th e r  words, the  o v e r a l l  e f f i c i e n c y  f o r  t r i p l e t - ' t x i p l e i  
ab so rp t io n  i s  low i n  t h i s  in s t a n c e .
c) Z r i p l e t - t r i p l e t  a b so rp t io n  maxima i n  phenanthrene*d^^ occur a t  520, 480 and 426 m̂ *
fOvO
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We now d ig r e s s  on the temperature  dependence of the parameter K.
D R 2This parameter ,  obtained  from K = [(Tp/T ) - l ] / 4 ,  *-8  g iven in
Tables I I ( v )  and V as a func t ion  of tempera ture .  The parameter  K
-2 7i s  a fun c t io n  of k,K_ . The cons tan t  k ,  may i t s e l f  be r e w r i t t e no J 6
kg = k^ exp(-AE/kT) . . . . 2 2
where AE s E ( T 1u) - E(T1 ) ,  and i s  the spec t ro sc o p ic  energy i n  1G
d i f f e r e n c e  between the lowest energy host  t r i p l e t  e x c i to n  band 
and the T  ̂ s t a t e  of the g u e s t .  I t  i s  a l s o  known t h a t  the  f i r s t  
order  decay cons tan t  i s  i t s e l f  temperature  dependent and given
K3  = k* + k° + k^ exp(-AE/kT)  23
where k° i s  a non-temperature  dependent unimolecular  T  ̂ quenching 
c o n s tan t .  Thus, combining E q 's .2 2  & 23
K a  k '  expC-AE/kT)(k')  ̂ exp(2AE/kT) 
o -J
a  exp(AE/kT) . . . , 2 4
Thus, K should decrease  w ith  in c re a s in g  tempera ture ,  as i s  observed.
Furthermore, a semilog p lo t  of K ve rsus  l /T  should y ie ld  AE. Such
p lo t s  are  shown in  F i g . 4. F i r s t l y ,  they are  l i n e a r  and, secondly,
the value  of AE obtained fo r  the  phenanthrene-d^Q in  biphenyl
system i s  —1500 cm ^ ; t h i s  va lue  i s  to be compared w ith  the
sp ec t ro sc o p ic  energy gap of —1600 cm  ̂ fo r  t h i s  system. However,
the  va lue  of AE fo r  chrysene in  biphenyl i s  very  small :  AE—200 cm
Nonetheless ,  while  c e r t a i n l y  d iscordan t  with  the  E(T, ) - E(T )
I n  1G
sp ec t ro scop ic  gap of —3350 cm t h i s  value  of —200 cm  ̂ i s  in
31
F i g . 4: A p lo t  of log K ve rsus  l /T  fo r  p h e n a n th r e n e - d ^










8.0 12 .06 . 0 10 .04.0
( 1 0 3 /T) -
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reasonable  agreement w i th  the  experimenta l  va lue  of 350 cm ^
obtained by Mlsra e£ a l . ^ fo r  the  a c t i v a t i o n  energy of delayed
f luo rescence  I n t e n s i t y ;  fu r therm ore ,  t h i s  behavior  Is  r e l a t i v e l y
w el l  u n d e r s t o o d ^ * a n d  i s  a s s o c ia te d  w i th  the  presence o f  c r y s t a l
d e f e c t s  of unknown Impurity  or p h y s ic a l  o r i g i n .  A pparen t ly ,  these
d e f e c t s  a re  important  i n t e r m e d ia r i e s  to  the  T  p o p u la t io n  processes
10
in  mixed c r y s t a l s .  Depopulat ion of d e f e c t s  by p rocesses
leading  to  even tua l  delayed f luo rescence  of gues t  i s  an e f f e c t i v e
T.„ d e p le t i v e  ro u te ,  but  with  an a c t i v a t i o n  energy E(T1lf) - E(T,_)
10  I n  ID
which may be very  much l e s s  than E(T, ) - E (T ._ ) .  The l a r g e r  the
I n  10
energy gap E(T.„) - E(T, ) and the lower the tem pera tu re ,  the  more 
lr l 10
important  w i l l  d e fe c t  e f f e c t s  become. Thus, in  phenanthrene-dg 
in  b iphenyl  (AE =*■ 1600 cm *") the d e f e c t s  a re  unimportant ,  whereas 
in  chrysene in biphenyl (AE =*■ 3350 cm the d e f e c t s  dominate 
much of ' t h e  k i n e t i c s  p r i o r  to  luminescence.
Delayed Fluorescence  Growth and Decay
The growth of delayed f lu o rescence  i s  very  d i f f e r e n t  from
i t s  decay. I t  i s  p r e d i c t e d ,  because of  the squared term of  E q .20(a) ,  
R Rt h a t  < t J t h i s  i s  observed to  be the case e x pe r im en ta l ly .
Dr p
R R DI t  i s  seen,  in  accord w i th  p r e d i c t i o n ,  th a t  - * t  as I  i s* r  * DF p p exc
R Dd ecreased .  I t  i s  p r e d ic te d  t h a t  Tr,-. > and t h i s  i n e q u a l i t y ,
Dr Dr
R Dwhich c o n t r a s t s  w i th  t <  t > i s  observed to be the  case q u i te
P P
g e n e r a l l y .  I t  i s  p red ic te d  t h a t  tJL = tD/ 2; t h i s  e q u a l i t y  i s  not
Dr p
observed except in  th a t  c r i t i c a l  tem pera ture  range where d e fe c t
c o n t r ib u t io n s  to  delayed f luo rescence  product ion  are  n e g l ig ib le  
and the dominant a n n i h i l a t i v e  event i s  T^+T^g -* S ^ + S ^ .  This 
behavior has been d iscussed  p re v io u s ly ^ ’^ ; i t  i s  a l s o  ev iden t  
in  Table IV and, p a r t i c u l a r l y ,  in Table I I ( v ) .  F i n a l l y ,  Eq.20 
has been a p p l ied  to  the d e t a i l e d  (non-exponent ia l)grow th  curve
g
of delayed f lu o re sc en c e ,  and i t  has been shown t h a t  i t  mimics 
experiment in  a ve ry  complete way.
I t  would appear t h a t  the  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  
a t t i t u d e ,  proper  a t t e n t i o n  being paid to  d e fe c t  in f lu e n c e s ,  
prov ides  a very  s a t i s f a c t o r y  i n t e r p r e t a t i o n  of phosphorescence 
and delayed f lu o rescen ce  decay and growth i n  mixed c r y s t a l  systems.
COMMENTS
The a t t i t u d e s  concerning growth and decay c h a r a c t e r i s t i c s  
of the  delayed luminescences of mixed c r y s t a l s  would appear to be 
completely  s u b s t a n t i a t e d .  The a t t i t u d e s  concerning the s im i la r  
phenomenology of g la s sy  s o lu t io n s  i s  somewhat l e s s  c e r t a i n .  E f f o r t s  
in  the g la s sy  m atr ices  were c u r t a i l e d  because of our d i s s a t i s f a c t i o n  
w i th  l i f e t i m e  r e p r o d u c i b i l i t i e s  and e r r o r s .  I t  i s  easy to  b e l ieve  
t h a t  T^ - a n n i h i l a t i o n  should not be p a r t i c u l a r l y  important  
i n  g l a s s e s ,  but i t  i s  ve ry  d i f f i c u l t  to  see why a T  ̂ *- T^ even t ,  
i f  i t  be so dominant in  g l a s s e s ,  should not  a l s o  be important  
in  mixed c r y s t a l s .  Thus, a q u es t io n  i s  r a i s e d  concerning our 
a t t i t u d e s ;  we cannot p r e s e n t ly  answer t h i s  q ues t ion ,  but  i t  may 
be t h a t  much of the  c r y s t a l  e x c i t a t i o n  energy i s  p re sen t  not  as 
T1(n energy, but  r a t h e r  as T1ri or even T e x c i to n  energy.  However,lb IJJ In
we p r e f e r  to  b e l iev e  t h a t  our experiments  on g l a s s  m a t r ic e s  do 
e s t a b l i s h  the  presence of e f f e c t s  due to T  ̂ «- T^ a b so rp t io n  of 
the  e x c i t i n g  l i g h t ,  but th a t  o ther  e f f e c t s  which we have not 
considered a re  not  thereby  excluded from p a r t i c i p a t i o n  in  the 
g e n e ra t io n  of the observed phenomenology. Among these  e f f e c t s  
we cons ider  the fo l lowing two to  be of p a r t i c u l a r  re lev an ce :
(1) Ground s t a t e  d e p le t io n ;  and
(2) Reatfsorption of T^ -» Sq phosphorescence in 
Tj «- T^ e x c i t a t i o n  p rocesses*^.
The f a s t e r  exponen t ia l  components observed in  the 
delayed f luorescence  of mixed c r y s t a l s  a re  a n a ly sab le  in  terms
34
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of  a n n i h i l a t i v e  p rocesses  of T^G - and ty pes .  Such
an a n a l y s i s  i s  p r e s e n t ly  underway. I t  i s  a l s o  t ru e  to  some e x ten t  
t h a t  we may have enforced a 1 s t  order  k i n e t i c s  on a t ru e  2 nd order 
k i n e t i c  behavior  a t  shor t  t im es .  In any event ,  our measurements 
cannot d i s t i n g u i s h  these  p o s s i b i l i t i e s  in  a l l  ca se s .  Our 
in c lu s io n  of numbers r e l e v a n t  to t h i s  po in t  in  the t a b u la r  p r e s e n ta t i o n s  
of  Tables I I - IV  i s  merely to emphasize t h e i r  p resence .
The presence of the  e f f e c t s  noted has se r io u s  im p l ica t io n s  
fo r  measurements of $p, and could cause se r io u s  e r r o r s  In such 
d e te rm in a t io n s .  On the o th e r  hand, the  conclusions  concerning 
g la s s  systems should be h e lp f u l  in  s tu d i e s  of b ipho ton ic  chemical 
phenomena s ince  a method of de te rmining  $ i s  a t  hand. The 
s t u d i e s  of growth curves in  mixed c r y s t a l s  a l s o  lead to  important  
in fo rm at ion ,  - in  t h i s  case ,  e v a lu a t io n  of the  parameters  K and 
A which a re  of re levance  to  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  p rocesses .
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THE LUMINESCENCE OF PYRENE IN VISCOUS SOLUTIONS
INTRODUCTION
The f luorescence  ( F ) , exclmer f luo rescence  (EF)t delayed
f luo re sc en c e  (DF), and delayed exclmer f luorescence  (DEF) of pyrene In
1 2s o l u t io n s  o f  low v i s c o s i t y  have been s tud ied  by Birks e_t a l .  ’ and by
3 4Parker  and Hatchard . The F and EF events  a re  known to  be l i n e a r l y
dependent on e x c i t a t i o n  I n t e n s i t y ,  whereas the DF and DEF events  a re
3 4 3b i e x c l t o n i c  * . Indeed,  the  l a t t e r  two p rocesses  o r i g i n a t e  in
t r i p l e t - t r i p l e t  a n n ih i l a t io n * .
The k i n e t i c  c o n s id e ra t io n s  of excitner formation which we w i l l
1 2fo l low ,  and on which we w i l l  expand, a re  those  given by Birks * .
B irks  has suggested t h a t  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  y i e l d s , a t  l e a s t
i n l t a l l y ,  a h ig h ly  e x c i ted  s t a t e  of the exclmer;  t h i s  h ig h ly  e x c i ted
s t a t e  i s  then  supposed to  d e p le te  r a p i d l y  by two d i f f e r e n t  k i n e t i c
r o u t e s :  one rou te  leads  to  the lowest energy e x c i te d  s t a t e  of the
exclmer;  the  o ther  rou te  leads  to  exclmer d i s s o c i a t i o n  and the concomitant
p roduc t ion  of an e x c i ted  s t a t e  and a ground s t a t e  monomer. The r e l a t i v e
p r o b a b i l i t y ,  or branching r a t i o ,  of (he d i s s o c i a t i v e  and n o n - d i s s o c l a t iv e
ro u te s  i s  denoted 1 /a .  I t  i s  known th a t  a  = 2 fo r  pyrene so lu t io n s  in
e thano l  or in  cyclohexane a t  room tem pera ture .
Now, an a l t e r n a t i v e  mechanism which pu rp o r t s  to  i n t e r p r e t  DF
and DEF product ion  e x i s t s  in  the l i t e r a t u r e .  This mechanism, known 
3 5as the  Parker -Stevens  mechanism, implies  the necessa ry  s imultaneous 
presence of twV types of a n n i h i l a t i v e  even t .  The f i r s t  type ,  which we 
may w r i t e  as
T1  + T1  -  D* ^  M* + M
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3 9
im p l ies  an a c tu a l  encounter  of two pyrene molecules in  t h e i r  lowest 
energy t r i p l e t  s t a t e s ;  a n n i h i l a t i o n  r e s u l t s  in  formation of an exc i ted  
dimer,  D*, which may d i s s o c i a t e  as  in d ic a te d  or emit EF; we may name 
t h i s  type of process  a "con tac t  a n n i h i l a t i o n  even t" .  The second type,  
which we may write, as
T 1 + T i  -  M* + M
invokes t r i p l e t - t r i p l e t  a n n i h i l a t i o n  a t  d i s t a n c e s  l a r g e r  than those  
r equ i red  fo r  e x c i te d  dimer form ation ;  a n n i h i l a t i o n  r e s u l t s  in  d i r e c t  
p roduct ion  of an e x c i ted  monomeric pyrene e n t i t y ,  M*; we may name 
t h i s  type of p ro c e s s .a  " d i s t a n t  a n n i h i l a t i o n  e ven t" .  I f  t h i s  
mechanism be the  c o r r e c t  one, i t  i s  implied t h a t  o must now rep re se n t  
the r a t i o  of  con tac t  a n n i h i l a t i o n  events  to  d i s t a h t  a n n i h i l a t i o n  
even ts .  According to Parker^ ,  the  a v a i l a b l e  experimental  evidence 
does not enable d i s t i n c t i o n  to  be made between the k i n e t i c  schemas:
Birks or P a rk e r -S te v e n s .
The purpose of the p re sen t  work i s  to  determine the 
r e l e v a n c ie s  of  the two k i n e t i c  schemas. For t h i s  purpose we rep re se n t  
the  Birks schema as
D*
T. + T. -  D** '  t l  
1 M*+M
I t  i s  c l e a r  th a t  d i s t i n c t i o n  might be made flforti s tu d ie s  in  so lven ts
of d i f f e r e n t  v i s c o s i t i e s :  Since exclmer. format ion (and the con tac t
a n n i h i l a t i v q  event)  a re  d i f f u s i o n  c o n t r o l l e d ,  the  r a t i o  Ij)p>^pEp*
where I i s  luminescence i n t e n s i t y ,  should Increase  and approach a
l im i t i n g  value  I / i  w i th  decreas in g  tempera ture  and inc reas ing  
t  t r
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v i s c o s i t y  according  to  P a rk e r -S te v e n s ; on the  o th e r  hand, per Birks,  
the  r a t i o  should be lower than Secondly, the
dependence on temperature  should be i n t e r e s t i n g  - however, the re  
appears  to  be a g re a t  s c a r c i t y  of any da ta  of t h i s  s o r t .  T h ird ly ,  
i t  would seem t h a t  simultaneous study o f  the  i n t e n s i t i e s  of  F, DF,
EF, DEF and phosphorescence (P) should be i n t e r e s t i n g  - and no such 
s tu d i e s  r e l a t i n g  to  the p resen t  i s sue  a re  a v a i l a b l e .  T here fo re ,  our 
s tudy concerns the temperature  dependence of 1 .̂, I^F , 1 ^ ,  I jjEF» *p>
TP’ TDF ant  ̂ tDEF’ w^ere  T den° t e s  a mean luminescence l i f e t i m e ,  in  
propylene g lyco l  so lv e n t .  Propylene g lyco l  i s  of high v i s c o s i t y :
1"|(20°C) = 44.80cp; previous  so lven t  media which had been used were 
of low v i s c o s i t y :  T|(20°C) < lcp.
EXPERIMENTAL MATERIALS AND PROCEDURES
The p u r i f i c a t i o n  of pyrene has been descr ibed  elsewhere^. 
F lu o r im e t r lc  grade propylene g lyco l  was obtained from the Hartman-Leddon 
Company (P h i la d e lp h ia ,  Pennsylvania) and was used without  f u r th e r  
p u r i f i c a t i o n .  The so lu t io n s  of pyrene in  propylene g lyco l  were contained
in s i l i c a  c e l l s  and were degassed. The degassing procedure was very
2s im i la r  to  th a t  descr ibed  by Birks . The degassing p ressu res  used were 
-4P < 10 mm Hg.
The techniques used for  spec t roscop ic  measurements of
wavelength, i n t e n s i t y ,  l i f e t i m e s ,  e t c .  were i d e n t i c a l  to ones prev ious ly
-j j7-10descr ibed  .
The observed luminescence i n t e n s i t i e s  must be co rrec ted  for
v a r i a t i o n s  in the source ou tpu t ,  the response of the  d e te c to r ,
instrument t r a n s m is s iv i ty ,  e t c .  - a l l  of  which q u a n t i t i e s  are  funct ions
of wavelength. This c o r r e c t io n  was made as  fo l lows:  All i n t e n s i t i e s
were c a l ib r a t e d  aga in s t  pyrene s o lu t io n s  in cyclohexane in v es t ig a te d
under otherwise i d e n t i c a l  c o n d i t io ns ,  and fo r  which i t  i s  known^
th a t  ( I  / I_ .C)=  24001 mole * a t  293°K, where C i s  pyrene concen tra t ion  
EF F




The extrema of concen tra t io n s  used were 2.5 x 10 M-pyrene 
- 2
and 1,5 x 10 M-pyrene. At the higher  concen tra t ion  range,  a r e s t r i c t i o n
of s o l u b i l i t y  a t  lower temperatures  f ixed the extremum; the lower
extremum was defined  by the l im i t  of observable EF and DEF i n t e n s i t i e s .
-  2
Typical  spec t ra  of a 1.5 x 10 M-pyrene so lu t io n s  in propylene glycol
are  shown in  F i g ' s . l  and 2.
The f luorescence  and exclmer f luorescence  i n t e n s i t i e s  of a
-3
7.8 x 10 M-pyrene so lu t io n  are  shown in F i g . 3 as a func t ion  of
temperature .  The behavior  exh ib i ted  i s  more or  l e s s  t y p i c a l :  I
inc reases  with decreas ing  T and a t t a i n s  r e l a t i v e  constancy a t
temperatures  below 230°K. 1 decreases  with decreas ing  T and e x h ib i t s
hr
n e g l ig ib le  i n t e n s i t y  below 230°K. The i n t e n s i t y  r a t i o  I / I  decreases
Dr r
monotonical ly  with  decreas ing  tempera ture .
The I n t e n s i t i e s  of DF, DEF, P, and the r a t i o  I-r,™/!-., are
Dhr DF
shown in Flg.4(A,B &C) for  so lu t io n s  of minimum, median and maximum
pyrene c o n c e n t r a t io n s ,  r e s p e c t iv e ly .  I t  i s  noted tha t  I e x h ib i t s  a
DF
maximum a t  ~240°K where I jjEF peaks in  the v i c i n i t y  of room tempera ture ;  
b o th  maxima occur a t  lower tempera tures  in so lu t io n s  of h igher  pyrene 
co n cen tra t ion .
- The i n t e n s i t i e s  I_ ,  I„„  and I_ a re  r e l a t e d  l i n e a r l y  to
r Hr r
inc iden t  l i g h t  i n t e n s i t y  a t  a l l  c o n cen tra t io ns  s tud ied .  However,
I and I__„ a re  p ro p o r t io na l  to  the square of the inc iden t  l i g h t  
Dr Dhr
2i n t e n s i t y  as well  as to  I p . The b ie x c i to n ic  na ture  of the DF and 
DEF processes  i s  thereby demonstrated.
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F ig .  1 -2Normal and delayed luminescence sp e c t ra  of  a 1.5x10 M-pyrene 




R ela tiv e  In te n s ity  -•






-2F i g . 2: Normal and delayed luminescence s p e c t r a  of a 1.5x10 M-pyrene
s o lu t io n  in  propylene g lyco l  a t  235°K. The phosphorescence 
was recorded a t  a s e n s i t i v i t y  30 times t h a t  used fo r  delayed 

















F i g . 3: The e f f e c t  of tempera ture  on the i n t e n s i t i e s  of excimer and
monomer f lu o re sc en c e ,  and on the i n t e n s i t y  r a t i o  I  / I  , ofrjr r
-3












Relative  I n t e n s i t y  and I n t e n s i t y  Ratio -*
J________I_______ I_______ I________I_______ I_______ I----------- L
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F i g . 4: (A) The e f f e c t  of temperature  on the i n t e n s i t i e s  of delayed
f lu o rescence ,  delayed excimer f luorescence  and
phosphorescence and on the  i n t e n s i t y  r a t i o  of delayed
excimer f luorescence  to  delayed f luorescence  of a 
- 3
2.5x10 M-pyrene s o lu t io n  in  propylene g ly c o l .
(B) As Fig.4(A) but fo r  7.8x10 ^ M-pyrene.
(C) As Fig .4(B) but fo r  1.5x10 ^ M-pyrene.





























I t  i s  found t h a t  t„ _  = T-.- “■ t „/2, w i th in  experimental
DCI UF r
e r r o r ,  fo r  a l l  s o lu t io n s  a t  a l l  tem pera tures  where the  r e l e v a n t
d a ta  may be ob ta ined .  A sampling of  r e s u l t s  i s  given in Table I .
These da ta  i n d i c a t e ,  ag a in ,  the b ie x c i to n l c  n a tu re  of DF and DEF even ts ,
and the n o n - a n n ih i la t io n  l im i te d  na tu re  of the  dominant k i n e t i c s .
These r e s u l t s  accord w i th  conclusions  a v a i l a b l e  from a study of nujo l
4
s o lu t io n s  of pyrene .
The p o l a r i z a t i o n  of f luo rescence  and excimer f luo rescence
g
was in v e s t ig a t e d  by p rev io u s ly  developed techniques  • Sca t te red
l i g h t  prevented e x c i t a t i o n  in the  0 ,0  ab so rp t io n  o f  the ^L^^A
t r a n s i t i o n ;  consequent ly ,  only 340o£ e x c i t a t i o n  in  the  0 ,0  band of
the  *-*A t r a n s i t i o n  was s tu d ied .  The degree of p o l a r i z a t i o n  of a
the  emit ted  l i g h t  was small but  always p o s i t i v e  (~3-57.); i t  was of 
the  same magnitude fo r  both  the F and EF emiss ions under those  
c o n d i t ion s  where the approximate e q u a l i t y  of i n t e n s i t i e s :  Ip=“Igj,, 
h e ld .  That the emit ted  l i g h t  should be depo la r ized  i s  not  s u r p r i s i n g ,  
in  view of the la rge  number of  d i f f u s l o n a l  p rocesses  which are 
n e c e s s a r i l y  tak ing  p lac e .  That the re  should be any p o l a r i z a t i o n  
r e t e n t i o n  in  the  case of exclmer f luo rescence  i s  eq u a l ly  s u r p r i s i n g .
The only r a t i o n a l  I n t e r p r e t a t i o n  i n f e r s  in -p la n e  p o l a r i z a t i o n  of 
excimer f lu o re sc en c e ;  the  formation of excimers from some exc i ted  
monomers before  these  monomers had had time to  randomize; and emission 
of the r e s u l t i n g  exclmer before  i t ,  in  t u r n ,  could randomize p o s i t i o n a l l y .
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TABLE I
MEAN DECAY LIFETIMES OF THE LONG-LIVED LUMINESCENCES OF 
PYRENE IN PROPYLENE GLYCOL(CONCENTRATION=l. 5xlO"^M)
Temperature tdf Tp
K (msec) (msec) (msec)
299 2.95 3.16 . . . .
294 3.16 3.74 ------
281 5.47 ------ -------
278 4.89 -------
271 6.62 6.91 m m m- m
261 9.64 11.01




The k i n e t i c s  of  excimer form at ion ,  and of excimer 
d i s s o c i a t i o n  to  form monomers have been t r e a t e d  e x te n s iv e ly  by 
Birks e t  and by Parker  and Hatchard^. We w i l l  adopt
t h e i r  n o t a t i o n  and fol low t h e i r  t r e a tm e n t ,  as f a r  a s  i t  goes,  qu i te  
c lo s e l y .  Under c o n d i t io n s  of cons tan t  i r r a d i a t i o n ,  the  following 
r e a c t i o n s  a re  considered to  be involved:
M — M* a b so rp t io n  (a)
k f MM*--------*■ M + h\^j f lu o rescen ce  o f  M*(F & DF) (b)
M* — M f lu o rescen ce  quenching of M* (c)
kTMM* -----> T^ in te r sy s te m  c ro s s in g  in
monomer
kDM * CM*+i M ------.■■■•> D* excimer formation (e)
kf
D* ------> 2M + hvn f lu o rescence  of excimer
(EF & DEF) K J
k
D* —3—> 2M f luo rescence  quenching of D* (g)
kTDD* ------ > T + M p seud o - in te r sy s tem  c ross ing
of D*  ̂ ;
k
D*  >• M* + M d i s s o c i a t i o n  of D* ( i )
k pTT —-—> M + hvp phosphorescence of monomer(P) ( j )
TT —3—» m phosphorescence quenching of
monomer
kKT M* + M t r i p l e t - t r i p l e t  a n n i h i l a t i o n
lead ing  to  exc i te d  monomer (4)
product ion
k
DTT + T -------> D* t r i p l e t - t r i p l e t  a n n i h i l a t i o n  . .
lead ing  to  excimer product ion
The c o n c e n t r a t io n  of unexcited  pyrene molecules i s  denoted C. 
According to the Birks v a r i a n t  o f , t h e  delayed excimer f luorescence
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product ion  process ,  the t r i p l e t - t r i p l e t  a n n ih i l a t i o n  produces,  i n i t i a l l y ,  
a h igher  exci ted  s t a t e  of the excimer, D**» which then converts  r a p id ly
in to  e i t h e r  D* or M* + M in  a branching r a t i o  of or:l . Thus, a  may be
equated to  the r a t i o  of r a t e  parameters
I f  now, fo r  s im p l i c i t y ,  we c o l l e c t  va r ious  r a t e  parameters we can 
w r i t e :
S (  S (k fM + kqM + = k fM/ q M
where q^ i s  the 'quantum y ie ld  of M* f luorescence  when C = 0 ( i . e . ,  
when excimer formation i s  p rec luded) .  Furthermore,
*0 S (k£D + kqD + V  = k£D/,1D (p)
where q^ i s  the quantum y ie ld  of D* f luorescence  when C = o° ( i . e . ,
when exc i ted  monomer, M*, ex is ten ce  i s  p rec luded) .  F in a l ly ,  we define
ke S kDM^kB + kMD̂  ^
3 5 + kD * ke * c ) <r )
kT 5 (kPT + kqT) = ^  (s)
kTT~ kMT + kDT ^
where Tp i s  the mean l i f e t im e  of phosphorescence ( i . e . ,  of the t r i p l e t  
monomer sp e c ie s ) .
Our k i n e t i c  schema does not take in to  c o n s ide ra t ion  any p a r t i c i p a t i o n  
of the  t r i p l e t  s t a t e  of the excimer. Now the supposed phosphorescence 
of t r i p l e t  s t a t e  excimers has been r e p o r t e d ^ ,  and i t  i s  p o ss ib le ,
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al though we do not th ink  so, t h a t  such neg lec t  might be se r ious  in
c e r t a in  i n s t a n c e s .  In so fa r  as the p resen t  work i s  concerned, such a
k i n e t i c  s tep  may be considered p a r t  of
All  i n t e n s i t i e s  a re  now expressed in photons sec The
e x c i t a t i o n  i n t e n s i t y  i s  denoted I q. The " i n t e n s i t i e s "  or the  r a t e s
of p roduct ion  of the t r i p l e t  s t a t e  T^ by in te rsys te ra  c ross ing  from
M* from D*. or from both M* and P*, a re  denoted I_MJ ImTV and I_
i n  ID  1
( s l ^ j  + I^,p), r e s p e c t iv e ly .  The t o t a l  quantum y ie ld  of monomer 
f luorescence  i s  given by
o K
where as C -* 0. The t o t a l  quantum y ie ld  of excimer
f lu o rescen ce  l i s
I „  . k . C EF _ fD * e -
EF ” I  ” e (2)
where $ -* as C -* Therefore ,EF nD ’
ZlE .  ^££ . _ .
F F “ fH 6 1
Since the f i r s t - o r d e r  decays of T^ are  more probable  than the
g
t r i p l e t - t r i p l e t  a n n i h i l a t i o n  processes  , ( i . e . ,  k^>^c^[T^ ] ) ,  i t  follows 
th a t  the  i n t e n s i t i e s  of delayed f luorescence  and delayed exclmer 
f luorescence  are  given by
It
*DF “ Cl + 01 + W 11!  (4)
• • W  ^ ‘ V ^ d  + ; W  « >
Hence,
I DEF _ k fP^D' S i  t  (1+^ kDM* .
^ F  = •kfM»D + '<1+“ > W  2 3
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At low tem pera tu res ,  where E q ' s . 4 ,5  & 6 reduce to
I *1-̂  . i f  = I  • i f  (7)DF 0 TC *F T  v *
k £D r S i
W  T  + <1+a)ke • G]IT
Hence,
• S» ♦ <1*4 ^  (9)
DF qM b
From E q 's .  1 & 3 and processes  o, p & r
f  ■  f  <  r +  J -  •  r * >  < 1 0 >F o M D F
The quantum y ie ld  of t r i p l e t  product ion  from M* v ia  in te r sy s te m
c ro s s in g  i s  given by
_ _ h n
TM " I  “ 0 (11)
That of T^ from D* i s  given by
TD TD * e$ = = —     (12)TD I  B V 'o
Thus, the  t o t a l  quantum y i e ld  of p roduct ion  i s
$T = ^ xm + 3t d ) = “  = ^kTM+kTD * ke *o
kTMAs C -* 0, $ -* 7—— , which i s  the quantum y ie ld  of the  in te r sy s te m
T k&
c ro s s in g  process  in  the monomer, I t  now fo l lows from E q ' s , 7 & 1 t h a t
*1 = ( I o ^  < V V ^ (14)
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and from E q ' s , 14, 13, 1 & 3, t h a t
¥ ]  ■ + r 2 • i <l5>Ip  J  °  fH fD F
The quantum y ie ld  of phosphorescence when k ^ » k ^ [ T ^ ]  i s
given by
Thus,
t h a t
Thus,
h  j T 
$P " I Q “ kT * $T “ kpT * TP*T
I 4 P P
i ;  -  • ;  *  V  T»  < 17)
At low tem pera tu res ,  where kp » k ^ j j ,  I* fo l lows from E q 's .  3 & 6
k ,_  k w
Ki  • i T ^  ( 1 8 a )fM D 
qDK -  a  . - f  (18b)
* M
K3 -  <l+c^)K1 (18c)
a =- (K3/K1>- - 1 (18d)
The Stern-volmer c o n s ta n t ,  K ( i . e . ,  the  r e c i p r o c a l  of  the h a l f - v a lu e  
c o n c e n t r a t io n  C^) i s  given by
: K - K K - k
K = —  = — U a l  (19)
Ch K2 K2 ^
ANALYSIS
P lo t s  of ( I  / I  > fo r  pyrene in propylene g lyco l  ve rsus  EF F —
c o n ce n t ra t io n  a re  given in  F i g . 5. The p l o t s  conform to  Eq.3, with  
zero  i n t e r c e p t  and slope equal to The q u a n t i t y  v a r i e s  from 51.2
jI  • mole"1 a t  295°K to  3 .2  i  • mole 1 a t  250°K. The room temperature  
v a lu e  of i s  c o n s i s t e n t  with the value  r e p o r t e d 11 f o r  pyrene in 
cyclohexane,  when the f a c t  t h a t  cyclohexane has a low v i s c o s i t y  of  
0.960cp a t  293°K i s  taken in to  account.  Indeed, r e l a t i v e  v a lues  of 
in  both so lv e n ts  confirm the d i f f u s i o n  c o n t r o l l e d  na tu re  of excimer 
fo rm at ion .
Some i n t e n s i t y  r a t i o s  of  delayed excimer f lu o rescen ce  to 
delayed f luo rescence  a re  p l o t t e d  v e rsus  c o n ce n t ra t io n  in  F i g . 6. The 
behav io r  conforms to  Eq.6. The slope equals  and the i n t e r c e p t
equals  P lo t s  of v e rsu s  ( I ^ / I ^ )  a re  shown in F ig ,  7.
In t h i s  in s t a n c e  the s lope  equals  (1+a) and i s  more or l e s s  c o n s ta n t ;  
the  i n t e r c e p t  equals  accord ing  to  Eq.9. In a d d i t i o n ,  a
may be c a lc u la te d  from and using Eq .18(d) .  F i n a l l y ,  the 
Stern-Volmer c o n s ta n t ,  K, may be determined from K^, and by 
use of Eq.19.
A l l  der ived  parameters  a re  c o l l e c te d  in Table I I .  I t  i s  
known th a t  the  r a t i o  k ^ / k ^  i s cons tan t  fo r  pyrene in d i f f e r e n t
so lv e n ts  and tha t  i t  e q u a l s 11 7 .74;  thus ,  the  r a t i o  k ^ / k ^  repor ted
here  i s  obta ined  by d iv id in g  the low tem pera ture  va lue  of by 
t h i s  va lue  of / k ^ .  The va lue  of a  for  pyrene in  propylene^ g lyco l
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F i g : 5: The concen tra t ion  dependence of I / I  of pyrene in  propylene
hr r
glycol  a t  va r ious  tem pera tures .  The only experimental  po in ts  
p lo t t e d  are  those fo r  minimal, median, and maximal pyrene 
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F ig .6: The concentration dependence of ° f  Pyrene in propylene
g lyco l at various temperature. The only experimental points  
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F i g . 7 The in te n s i ty  r a t io  I as a function o f  the in te n s i tyDLr Dr
r a t io  I / I  at varying temperatures for pyrene in propylene EF r
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TABLE II
RATE PARAMETERS AND OTHER CONSTANTS OF PYRENE EXCIMER
EMISSION IN PROPYLENE GLYCOL SOLTUION
Temp.
<°K) (Z mole )
K2 k3 - i(Z mole )







295 51.2 1.01 143.4 1.90 1.80 0.56 91.1 6.6 0.073
290 40.5 0.92 116.5 1.95 1.88 0.49 82.7 5.2 0.063
285 30.0 0.83 90.9 1.95 2.03 0.41 73.2 3.9 0.053
280 23.0 0.74 68.4 1.93 1.97 0.38 61.3 3.0 0.049
275 17.2 0.67 50.7 1.85 1.96 0.34 50.6 2.2 0.044
270 12.3 0.54 38.4 2.05 2.12 0.25 48.6 1.6 0.033
265 9.0 0.42 27.7 2.25 2.09 0.20 44.4 1.2 0.026
260 6.7 0.29 21.0 2.20 2.15 0.14 48.5 0.9 0.018
255 4.5 0.18 15.1 =“2.05 2.37 0.08 59.7 0.6 0.010
250 3.2 0.10 11.0 ------- 2.44 0.04 80.6 0 .4 0.005
(a)  This a  i s  obtained from Eq.9 and F i g . 7.
(b) This 01 i s  obtained by using Eq. 18(d).
(c) This value i s  obtained from Eq.18(b).
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i s  approximate ly  two, and t h i s  va lue in c re ase s  s l i g h t l y  w i th  decrease
of  tem pera tu re .  However, the l a r g e r  va lues  of a  a p p ro p r ia te  to  lower
tempera tures  con ta in  some e r r o r  because of  the  v e ry  low i n t e n s i t i e s
of excimer f lu o resc en c e s  e x h ib i t ed  a t  these  tem pera tu res .
The room tempera ture  value  of (q^/Ow) of  pyrene in propyleneD M
2
glyco l  ag rees  with  t h a t  in  cyclohexane ; t h i s  r a t i o  decreases  with
d e c rea s ing  tem pera ture .  Since the r a d i a t i v e  monomer and excimer
f luo rescence  r a t e  c o n s tan ts  should be more or l e s s  independent of
tem pera tu re ,  the f luorescence  quenching and /o r  the in te r sy s te m  c ross in g
r a t e  c o n s tan ts  of the monomer must decrease  more r a p i d l y  w ith  decreas ing
temperature  than do the corresponding q u a n t i t i e s  fo r  the excimer.
This i s  a l s o  supported by the temperature  dependence of the  Stern-Volraer
cons tan t  K which does show an inc rease  a t  lower tem pera tu res .
A p lo t  of ( I  _ / l _ )  , which (from E q .14) i s  p ro p o r t io n a l  to Dr F
t o t a l  t r i p l e t  i n t e n s i t y  I , ve rsus  temperature  i s  given in  F i g . 8.
The r e l a t i v e  t r i p l e t  s t a t e  i n t e n s i t y ,  achieved v ia  in te r sy s te m  c ros s in g ,  
maximizes a t  ~250°K. I t  appears  t h a t  both i n te r sy s te m  c ro ss ing  and 
f luo rescence  quenching p r o b a b i l i t i e s  in c re ase  with in c re a s in g  tempera ture ,  
but t h a t  the l a t t e r  in c re ase s  more r a p id ly  than the former in the 
h igher  tempera ture  reg io n .
3The r a t i o  ( I Df, / lp )  i s  p lo t t e d  a g a in s t  in  F i g . 9.
The r a t i o  k ^ / k ^ ,  obta ined  from the r a t i o  of slope to  i n t e r c e p t  v ia  iu  i n  -----
Eq.15 i s  ~4 .5  throughout the e n t i r e  range of tem pera ture .  I t  appears ,  
t h e r e f o r e ,  th a t  the in te r sy s te m  c ross ing  r a t e  cons tan t  from the
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F ig .  8 The tempera ture  dependence of o r ,
the  quantum y ie ld  of t r i p l e t  formation,  1^, 
propylene g ly c o l .  Concentra t ions  of pyrene 
B = 7.8x 10-3; and C = 1 .5 x l0 -2M.
e q u iv a le n t ly ,  
fo r  pyrene in  











3 hF i g . 9: The r e l a t i v e  value of ( 1 ^ / 1 ^ )  p lo t t e d  versus  the  r a t i o
• 2( I  / I  ) fo r  a concen tra t ion  of 1.5x10 M of pyrene in 
EF F
propylene g ly c o l .  The r a t i o  k _ _ /k _ f i s  derived from the
TD TM
r a t i o  of slope in  i n t e r c e p t  of the curve.
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e x c i te d  s i n g l e t  excimer to  the t r i p l e t  s t a t e  of th e  monomer i s  somewhat
l a r g e .  This  p o s s ib ly  has to  do w i th  the  sm aller  energy gap between
the  ex c i te d  s i n g l e t  excimer and the monomer s t a t e s .
Eq.17 in d i c a t e s  t h a t  the  r a t i o  (Ip/I^ ,)  i s  p ro p o r t io n a l
to  t d, t_._ or  TV.™. We have p lo t t e d  in  F ig .  10 the  r e l a t i v e  va lues  
*  Dr DISr
of (Xp/l^,),  the  l i f e t i m e s  of delayed f lu o re sc en c e ,  and of delayed
excimer f luo rescence  v e rsu s  tem pera tu re .  Agreement ob ta in s  w i th in
exper imenta l  e r r o r  .
A rrhen ius  p l o t s  of K^, K^, K^, ot and K v a lues  from Table I I
a re  given in  F i g . 11(A & B). Only In the  lower temperature  range does
^  give an e x p o n en t ia l  curve .  I f  the  assumption i s  made th a t  k ^ ,
k n and kmn tend to  zero*" a t  lov> tem pera tu res ,  i t  fo l lows th a tqD TD *
* 1  -  E ?  ■ t ?  * (20)IN £M
where k.' and W_„ a re  the  frequency f a c t o r  and a c t i v a t i o n  energy of DM DM
excimer formation r e s p e c t i v e l y ,  and k i s  the  Boltzmann c o n s ta n t .  The
a c t i v a t i o n  energy obta ined  from Fig .  11 i s  W_u 3200±50cra  ̂ or 0 .40 ev,DM
ThlB large value would seem reasonable in view of the high v i s c o s i t y  of
propylene g ly c o l .  The a c t i v a t i o n  energy obta ined  from a p lo t  of
log ve rsus  ^  i s  2900±50cm I f  or were cons tan t  w i th  tem pera ture ,
t h i s  a c t i v a t i o n  energy should a l s o  correspond to  Ŵ u . However, i t  doesDM
not e x a c t ly  match the va lue  obta ined  from the p l o t .  I t  th e r e f o re  
appears ,  and t h i s  i s  s u b s t a n t i a t e d  by Table I I ,  t h a t  a  must increase  
somewhat with  d e c reas in g  temperature  ( i . e . ,  e x h ib i t  a "nega t ive"  
a c t i v a t i o n  energy ) .
The l i f e t i m e  of phosphorescence,  Tp, i s  found to  be approximately
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F i g . 10: The temperature  dependence of the  r a t i o  ( I p/ I ^ ) ,  the  decay
l i f e t i m e  of delayed f luo rescence  C ^p)  and ° f  delayed excimer
f luo rescence  The pyrene c o n c e n t ra t io n  in  propyleneDlF

























2 00  2 2 0  2 *4-0 260 280 500
Temperature (°k) -»
64
Fig .  I : (A) P lo t s  of log Kp  log K^, and log K, ve rsus  1/T fo r
pyrene in  propylene glycol  so lu t io n .
(B) S im ila r  p lo t s  of log a  and log versus  l /T .
Rate Parameter (K^, or K) —
ro vjj vn
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twice Tpp and T^gj, a t  a l l  t em pera tu res .  Thus, the  assumption on 
kT» k ^ T[T^] i s  v a l i d .  The phosphorescence quenching r a t e  cons tan t  i s  
now w r i t t e n  as
k,T -  - V  -  M t • « * P < - V kI)  (21)
where and W^, a re  the frequency f a c t o r  and a c t i v a t i o n  energy of
phosphorescence quenching, r e s p e c t i v e l y ;  the r a d i a t i v e  phosphorescence
r a t e  cons tan t  k ^  i s  taken t o  be the r e c ip r o c a l  l i f e t i m e  of phosphorescence
a t  77°K. The phosphorescence l i f e t i m e  Tp fo r  pyrene in  EPA a t  77°
i s  0 .5  s e c ^ .  A p lo t  of log a g a in s t  r e c ip r o c a l  tempera ture  i s
given in  F i g . 12. The a c t i v a t i o n  energy obtained i s  W _ 2100±50cmqT
This should be compared to  the  corresponding energy of 11 Kcal/mole
18fo r  pyrene in l iq u id  p a r a f f i n  .
•Another approach to  e v a lu a t io n  of W may be made v ia
i n t e n s i t i e s  of delayed f luorescence  and phosphorescence a t  lower
tem pera tu res .  In F ig .  4, i t  i s  seen t h a t  I d ecreases  sha rp ly  a tDF
tempera tures  below 240°K, whereas I p e x h i b i t s  a converse behavior .
According to  E 4 's .7  & 16 I t  follows t h a t
-̂ 4. A <=-4:2 <42 (22)
( I _ ) ' i *0 “pT TP
Ip
Now (— ) i s  a constant in the low temperature region, and k ^ i s
0 1P temperature independent. Since k ^  i s  small, compared to — , the
assumption i s  made that (— ) =- k  ̂ = k^exp(rW ^/kT). Thus, log
2 1^[ I  / I _ ]  p lo t t e d  a g a l n s t ( —) ,  as  shown in F ig*13, should e x h ib i t  an DF r T
a c tiv a t io n  energy which should equal Appropriate l in e a r i ty  i s
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F i g . 12 : A P lo t  of log k _ v e rsu s  1/T fo r  pyrene in  propylene g ly c o l .qT
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F ig .  13: A p l o t  of log 1 ^ / 1 ^  v e rsu s  1/T fo r  pyrene in  propylene
g ly c o l .  The co n ce n t ra t io n  of pyrene were: (a) 1.5x10









( 1 0 3/T) -
observed and the va lue  of 4300±100cm  ̂ i s  e s t im a ted .  Therefore ,
“■ 2150±100cm t h i s  va lue  agrees  q u i t e  wel l  wi th  th a t  obta ined  
above from phosphorescence l i f e t i m e  c o n s id e r a t io n s .
DISCUSSION
The a n a l y s i s  of  the  r e s u l t s  ob ta ined  in t h i s  s tudy i s  f u l l y  
c o n s i s t e n t  w i th  the  k i n e t i c  scheme proposed fo r  excltner formation 
and d i s s o c i a t i o n  and f o r  the  g e n e ra t io n  of DF and DEF. Since we 
have concerned o u rse lv es  only with  th e  B i r k ' s  mechanism fo r  gene ra t io n  
of DF and DEF, I t  would appear th a t  t h i s  mechanism i s  hereby s u b s t a n t i a t e d .
Values of the branching r a t i o  or have been determined by two 
methods a t  tem pera tures  in  the  range 295-250°K. I t  appears  t h a t  
a  “* 2 a t  a l l  tem pera tures  in  propyfane glycol* Since of = 2 a l s o  in  
both  a lcoho l  and cyclohexane,  i t  appears  t h a t  the  Blrks mechanism i s  
p r e f e r r e d .  I f  one were to  adopt  the  Pa rker -S tevens  a t t i t u d e ,  one might 
expect  a  t o  decrease  w ith  i n c re a s in g  v i s c o s i t y  and decreas in g  t e m p e ra tu re ; 
the  f i r s t  e x p e c ta t io n  i s  c l e a r l y  in  d isc o rd  with  experiment  and I t  
appears  t h a t  the  second e x p e c ta t io n  i s  l ikew ise  c o n t r a ry  to ob se rv a t io n .  
Table I I  i n d i c a t e s  t h a t  a  in c re a s e s  s l i g h t l y  w ith  decreas ing  tem pera ture .  
This s l i g h t  Increase  of a  may be due to  a number of  d i f f e r e n t  causes;  
however, our d a ta  do not allow of i d e n t i f i c a t i o n ( s ) .
The mechanism of  both  DF and DEF produc t ion  a re  dominantly 
d i f f u s i o n  c o n t r o l l e d .  Contact  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  p rocesses  
appear to  y ie ld  a h ig h ly  e x c i te d  s t a b le  d imeric  spec ie s  D**. Delayed 
f lu o rescence  d is a p p e a r s  a t  tem pera tures  below 200°K, where d i f f u s i o n a l  
p ro cesses  are  se v e re ly  l im i t e d .  I t  would seem th e r e f o re  t h a t  d i s t a n t  
a n n i h i l a t i o n  p r o b a b i l i t i e s  must be q u i t e  small .
The n a tu re  of the d imeric  spec ies  D** i s  of i n t e r e s t .  Contact 
5 3 1a n n i h i l a t i o n  may y i e ld  D**, D** or D** sp e c i e s .  One or more of
19these  b imolecular  s t a t e s  may be s t a b l e  . C e r t a in ly ,  from the
69
20computational  po in t  of view , th e re  are  more than one h igher  e x c i ted
excimer s t a t e s  possessed of co n s ide rab le  s t a b i l i t y ,  and many of these
a re  o f  h igher  energy than  the lowest energy s i n g l e t  e x c i te d  s t a t e  of
5 3the  monomer. I f  we assume th a t  a n n i h i l a t i o n  produces th e  D**, D**
and ^D** s t a t e s  in  the  s t a t i s t i c a l  r a t i o  of 5 :3 :1 ,  and i f  we f u r t h e r
3
assume t h a t  D** i s  uns tab le  w ith  r e s p e c t  to  d i s s o c i a t i o n  to  M* + M,
we may expect  a  = 6/3 = 2. This i n t e r p r e t a t i o n  i s  somewhat f a n c i f u l ,
and c e r t a i n l y  su b je c t  to  more r e s t r i c t i o n s  than  those we have mentioned;
i t  i s ,  however, r a t i o n a l .  The in c re ase  of a  w i th  decrea s ing  tempera ture
3
might now be a s s o c ia te d  w i th  i n c r e a s in g  s t a b i l i z a t i o n  of D** and hence
increased  in te r sy s te m  c ro s s in g  w i th in  the  excimer to  y i e ld  .
Delayed f luo rescence  and delayed excimer f lu o rescence  are
th e rm al ly  a c t i v a t e d  p ro ce sse s .  The maxima observed in  1 ^  or  I^pp
v e rs u s  T p l o t s  a re  the  r e s u l t s  of compet i t ion  between t r i p l e t
popu la t ion  d e n s i t i e s . and thermal energy d e n s i t i e s  which e x h ib i t  opposi te
dependencies on tem pera tu re .  The q ue s t io n  of why i t  i s  t h a t  I  (max)Dr
occurs a t  lower tem pera tu res  than I (max) i s  p e r t in e n t*  The
U E il
corresponding  q ues t ion  of why i t  i s  t h a t  d ecreases  w ith
d e c reas in g  temperature  i s  n o t ,  in  our op in ion ,  a proper q u e s t io n ,
because i t  seems th a t  a t  s u f f i c i e n t l y  low temperature  t h i s  r a t i o
approaches constancy.  We s t a r t  from the  po in t  of view th a t  I^gp
v e rsu s  T and v e rsu s  T behaviors  a re  e s s e n t i a l l y  i d e n t i c a l  as
may be seen in  F i g . 4; one curve i s  merely d i sp lac ed  from the o ther
along the T a x i s ,  but  shapes remain q u i t e  s i m i l a r .  We now p o in t
to  the  extreme s e n i t i v t t y  of I to  tempera ture  which i s  e x h ib i tedF
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In F i g . 3, and Co Che facC ChaC <1^/^ ° f  Table I I  decreases
s ig n i f ic a n C ly  wich decreas ing  CemperaCure. In o th e r  words, Che
monomer f luo rescence  quenching i s  more s ig n i f ic a n C ly  dependenC on
CemperaCure chan i s  excimer f luo rescence  quenching.  This f a c t o r
alone i s  s u f f i c i e n t ,  in  our op in ion ,  Co cause Che r e l a t i v e  s h i f t s
o f  the two curves I or IpEp ve rsus  T d i c t a t e d  by experiment.
Of course ,  a number of o th e r  I n t e r p r e t a t i o n s  a re  a l s o  f e a s i b l e ;  the
s a l i e n t  po in t  i s  t h a t  a process  of d i s t a n t  t r i p l e t - t r l p l e t  a n n i h i l a t i o n
i s  not requ i red  fo r  i n t e r p r e t a t i o n  of the a v a i l a b l e  d a ta .
The thermal a c t i v a t i o n  e n e rg ie s  obta ined  in  t h i s  work a re :
W =“ 2100cm * ; W _ =*■ 2200cm *; W_w = 3200cm *; and W = 2900cm qi qT DM DM
We note  f i r s t l y  t h a t  the  " c l e a n e s t "  q u a n t i t i e s  a re  in the sense
th a t  fewer approximations a re  necessa ry  to  t h e i r  a b s t r a c t i o n  from
experiment;  secondly,  a l l  of these  a c t i v a t i o n  en e rg ie s  r e l a t e  to the
same tempera ture  range .  We now propose t h a t  they a l l  r e f e r  to  the
same gross  a c t i v a t i o n  phenomenon: namely, d i f f u s i o n  c o n t ro l le d  excimer
formation in  which the d i f f u s i o n  p rocess  as well  as  the  a c t  of excimer
formation may be th e rm al ly  a c t i v a t e d .  Thus, W r e f e r s  l a r g e ly  to
H
t r i p l e t  s t a t e  d e p le t io n  processes  i n i t i a t i n g  in con tac t  t r i p l e t - t r i p l e t
a n n i h i l a t i o n  even ts  and Ŵ M r e f e r s  l a r g e ly  to  excimer formation processes
o r i g i n a t i n g  from M* + M co n tac t  coup l ings .
The in -p la n e  p o l a r i z a t i o n  of excimer f lu o rescence  i n d ic a t e s
20t h a t  the  excimer c o n s i s t s  of two p a r a l l e l  pyrenes .  Computations 
show t h a t  the t i l t i n g  of one molecular  plane w i th  r e s p e c t  to the o ther  
in  the excimer induces s i g n i f i c a n t ,  - indeed dominant - ,  t r a n s i t i o n
moments of o u t -o f -p la n e  p o l a r i z a t i o n .  Since such p o l a r i z a t i o n  i s  
a p p a re n t ly  a b sen t ,  i t  must be concluded th a t  r e l a t i v e  t i l t i n g  i s  not 
a s t a t i s t i c a l l y  s i g n i f i c a n t  event  in  pyrene excimers .  By the same 
token,  t i l t i n g  induces a s t a t i c  d ipo le  moment in  both ground and 
ex c i te d  s t a t e s  and one might expect  a dependence of v^p on so lven t  
p o l a r i t y .  As f a r  as we are  aware no such dependence i s  observed.
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CHAPTER III
DELAYED LUMINESCENCE OF ORGANIC MIXED CRYSTALS: 
DELAYED EXCIMER FLUORESCENCE OF PYRENE IN BIPHENYL
INTRODUCTION
The delayed excimer f luorescence  (DEF) of pyrene in  l iq u id
s o l u t io n  has been shown by Parker  and Hatchard^ to  o r i g in a t e  in
t r i p l e t - t r i p l e t  a n n i h i l a t i o n  p ro ce sse s .  The delayed excimer f l u o r e s -
2
cence of pyrene s i n g l e - c r y s t a l  has a l s o  been shown to  be b i e x c i t o n l c ;
however, in  t h i s  l a t t e r  in s tance  the  c o n t r o l l i n g  k i n e t i c s  a re
a n n i h i l a t i o n  l im i t e d ,  whereas in  the former they a re  p r im a r i ly
2
determined by f i r s t  o rder  t r i p l e t  decay p ro cesses  • I t  th e re fo re
seemed o f  i n t e r e s t  to  seek and i n v e s t i g a t e  DEF of pyrene gues t  in
a hos t  c r y s t a l  m atr ix  chosen so t h a t  the  hos t  t r i p l e t  ( T ^ )  was of
h ig h e r  energy than the pyrene t r i p l e t  s t a t e  (Tiri) .  Such anlu
i n v e s t i g a t i o n  should prove i n t e r e s t i n g  fo r  a number of reasons :
F i r s t ,  the  e x te n t  to  which excimer f lu o re sc e n c e ,  prompt or  de layed,
occurred should provide in formation  on the  manner of guest  i n c o rp o ra t io n
in to  the  ho s t  l a t t i c e ; second, the  r a t i o  of  delayed f luorescence  (DF)
to  DEF should provide da ta  on r e l a t i v e  T ex c i to n  t rap p ing1G
e f f i c i e n c i e s  by monomer pyrene s i t e s  and nascent  excimeric  pyrene 
s i t e s ;  and t h i r d ,  i t  seemed r e l e v a n t  to  i n v e s t i g a t e  the  comparative 
band-to-band thermal e x c i t a t i o n  c h a r a c t e r i s t i c s  of DF and DEF, i f  such 
em iss ions  could be observed.
Recent i n v e s t i g a t i o n s ^ * ^  o f  the  delayed 
luminescences of o rgan ic  mixed c r y s t a l s  have led to  cons iderab le  
unders tand ing  of c r y s t a l s  of t h a t  s p e c i f i c  d i s p o s i t i o n  of  h o s t -g u e s t
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l e v e l s  suppl ied  by the energy p r e s c r i p t i o n :
S1H =• S1G >  T1H > T1G = T1H '  T1G *= 3000 c" " 1
When the band-to-band gap - T^, i s  equal  t o  or g r e a t e r  than
4000 cm \  s i g n i f i c a n t  i n t e r p r e t a t i v e  d i f f i c u l t i e s  occur^.  I t
appea rs ,  under the  sp e c i f i e d  c i rcum stances ,  t h a t  the  T ^  *- T^G
7 8thermal e x c i t a t i o n  process  becomes n e g l i g i b ly  e f f i c i e n t  * ;
consequent ly ,  the T phosphorescence l i f e t i m e s  and i n t e n s i t i e s1G
remain^’ ^  remarkably i n v a r i a n t  over very  la rge  ranges of tem pera ture ,
say 77 - 250°K. Nonetheless  delayed gues t  f luo rescence  of q u i te  h igh
e f f i c i e n c y  may s t i l l  occur ;  now, however, the  d e p o s i to ry  of e x c i t a t i o n
energy whence T ex c i to n s  a re  the rm al ly  generated  r e s i d e s  in  t r i p l e t  1H
d e fe c t  spec ies  ( T ^ ) *  These d e f e c t s  may be im p u r i t i e s  a s so c ia ted
w ith  the  hos t  or guest  m a t e r i a l s  or they might even be d i s t o r t e d
hos t  o r  guest  molecular  sp ec ie s  s i tu a ted  a t  some ph y s ic a l  im perfec t ion
in  the l a t t i c e ;  in  any case ,  i t  i s  requ i red  th a t  > T^ > T^g,
and i t  appears  t h a t  the e f f e c t  of  la rg e  T -  band-to-bandIn 10
gaps i s  to  maximize the e x te n t  to  which c r y s t a l  luminescence
c h a r a c t e r i s t i c s  a re  governed by a d v e n t i t i o u s  p hy s ica l  and chemical
dopan ts .  Viewed in  t h i s  way, t h i s  type of system provides  an
extremely s e n s i t i v e  i n d i c a t o r  of impuri ty  c o n te n t .  From our p o in t
of view, however, i t  i s  t h i s  type of system which i s  l e a s t  unders tood;
consequent ly ,  i t  was decided to  work w ith  a system f o r  which
T, -  T._ > 4000 cm The biphenyl hos t -pyrene  gues t  system In  10
provides  a m a te r i a l  f o r  which T.„  - T ~  6200 cm This  systemIn  1G
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a l s o  has the  advantage of a r e a d i l y  p u r i f i a b l e  hos t  m a te r i a l  which
in c o rp o ra te s  a la rge  v a r i e t y  of dopants in  a remarkably f a c i l  manner.
The choice of pyrene guest  was au to m at ic ;  t h i s  m a te r i a l  i s  p a r t i c u l a r l y
prone to  excimer formation - -  so much so,  t h a t  the pyrene s in g le
12c r y s t a l  e x h i b i t s  only the  excimer type of f lu o rescence  .
MATERIALS AND TECHNIQUES
Biphenyl was p u r i f i e d  by repeated  c r y s t a l l i z a t i o n  from
e th a n o l .  F ina l  p u r i f i c a t i o n  was e f f e c te d  by a zone r e f in in g  s tep
of a t  l e a s t  100 passe s .  I t  had p rev ious ly  been determined th a t
biphenyl prepared in  t h i s  manner was of comparable p u r i ty  to  th a t
obtained by p rep a ra t iv e  gas chromatography. The biphenyl
phosphorescence spectrum in  EPA a t  77°K cons is ted  of th ree  d i s t i n c t
v i b r a t i o n a l  peaks w ith  Vq q =“ 22,840 cm  ̂ and l i f e t im e  Tp = 4 .2  sec.
The phosphorescence spectrum of a m ic r o c r y s ta l l i n e  suspension of
biphenyl in  EPA a t  77° was i d e n t i c a l  i n  every way. The phosphorescence
of  a biphenyl s i n g l e t  c r y s t a l  a t  77°K exh ib i ted  an o r ig in  a t  20,113 cm
t h i s  emission was qu i te  weak and cons is ted  of th ree  bands; the second
band, presumably v i b r a t i o n a l ,  was a t  18,666 cm the t h i r d  band was
a t  17,520 cm the l i f e t im e  of t h i s  emission was t  = 3 .4  sec.  An
P
i d e n t i c a l  luminescence of very low i n t e n s i t y  occurred in  the biphenyl 
host-pyrene  guest  system. We are  p re s e n t ly  unable to f u l l y  i n t e r p r e t  
t h i s  l a s t  obse rva t ion .  We do know th a t  t h i s  s ing le  or mixed 
c r y s t a l l i n e  emission i s  not  caused by £ -  or o-polyphenyl , or  t r ip h e n y l -  
benzene contamination. I t  i s  poss ib le  t h a t  phenanthrenic  im pu r i t ie s  
produce the observed e f f e c t s ;  or i t  i s  even conceivable  t h a t  these 
weak c r y s t a l l i n e  luminescences o r ig in a te  in  biphenyl molecules 
which a re  s i t u a t e d  a t  d e fe c t s  and whose energy l ev e ls  have been 
modified in  some such manner as to produce the observed phosphorescence 
band. We have observed^ s im i la r  weak phosphorescences in  durene host
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systems f o r  which T ,„  - band gaps are  a l so  l a rg e ;  the phosphorescence
I n  l u
in  t h i s  in s tance  was s t r u c t u a l l y  i d e n t i c a l  to  th a t  of durene and 
dependent on c r y s t a l  p e r f e c t i o n ,  but  cons iderab ly  r e d - s h i f t e d .  A l l  
of t h i s  phenomenology i s  under in te n s iv e  i n v e s t i g a t i o n  a t  the 
moment; i n so fa r  as the p resen t  study i s  concerned, the numbers 
quoted may be supposed t o  provide information on biphenyl c r y s t a l  
d e f e c t s .
Pyrene was p u r i f i e d  in a manner i d e n t i c a l  to  biphenyl .
Samples of pyrene which had been ex hau s t iv e ly  p u r i f i e d  were a l so  
a v a i l a b l e  to  us ;  p u r i f i c a t i o n  procedures in  t h i s  in s tance  were, 
in  o rder :  column chromatography, d i f f e r e n t i a l  v o l a t i l i z a t i o n
13through a temperature g ra d ie n t ,  zone r e f i n i n g ,  and r e c r y s t a l l l z a t l o n .
The pyrene phosphorescence in  both samples occurred w ith  0 ,0  band a t
16,560 cm  ̂ in  EPA s o lu t io n  a t  77°K. A very  weak phosphorescence
w i th  o r ig in  a t  21,225 cm * was a l s o  observable in  both cases .  I t
was assumed th a t  t h i s  was an impuri ty  luminescence;  t h i s  same
luminescence i s  d e te c ta b le  in  the  published spec t ra  of  a number of 
14au tho rs  (see fo r  example, Ganguly and Choudhury). This luminescence 
was s t ro n g e s t  in  the " u l t r a p u r i f i e d "  pyrene sample; i t  was assumed 
t h a t  t h i s  impuri ty  had been concentra ted  by some one of the s teps  
in the process  of " u l t r a p u r i f i c a t i o n " .  Use o f  t h i s  m a te r i a l  was 
d isco n t in u ed .
Mixed s in g le  c r y s t a l s  were grown in  two ways: ( i )  by
slow con t ro l le d  cooling of melt  between two fused s i l i c a  d i s c s ,  or
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(11) by slow subl imat ion  of the  melt  onto a s in g le  s i l i c a  d i s c .
Guest c o n ce n t ra t io n s  were determined by d i s s o l u t i o n  of the
c r y s t a l  in  a known volume of  so lv e n t ,  followed by abso rp t io n  
spec t rom etry .  The sublimed c r y s t a l  f l a k e s  e x h ib i ted  DF, but  no, 
or a t  most ve ry  weak, DEF or  EF of pyrene.  The mixed c r y s t a l s  grown 
from the melt always ex h ib i ted  DF of pyrene;  a d d i t i o n a l l y ,  those 
which were o f  h igh pyrene co n ce n t ra t io n  always e x h ib i ted  weak but 
d e f i n i t e  DEF of pyrene. The i n t e n s i t y  of pyrene DEF was not  
smoothly r e l a t e d  to  the  c o n c e n t ra t io n  of the guest  and was th e r e f o re  
dependent on some unknown vagary  of the  c r y s t a l  growth p rocess .
I t  would appear t h a t  the  thermodynamics of m el t ing  favored somewhat 
the  appearance of nascen t  excimeric  agg rega te s  of  pyrene in  the 
hos t  c r y s t a l .
Al l  o th e r  techniques  used were i d e n t i c a l  to  ones p rev io us ly  
described^*®.
An energy diagram con ta in ing  a l l  a v a i l a b l e  information  
on the  lower energy l e v e l s  of the  biphenyl  hos t -pyrene  guest  system 
i s  g iven  in  F i g . 1.
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F i g . l :  Lower e l e c t r o n i c  energy l e v e l s  of the biphenyl host-pyrene
guest  mixed c r y s t a l s  used in  t h i s  work. T-n r e f e r s  to
1
the lowest t r i p l e t  s t a t e  of the  pyrene a s so c ia t e d  impur i ty ;
the a s so c ia te d  luminescence c o n s i s t s  of two bands a t  21,225
and 19,680 cm r e s p e c t iv e ly .  T r e f e r s  to  the lowest
11^2
t r i p l e t  s t a t e  of the biphenyl a s so c ia te d  im puri ty ;  the 
a s so c ia t e d  luminescence c o n s i s t s  of th ree  bands a t  20,110, 
18,670 and 17,525 cm \  r e s p e c t iv e ly .
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The excimer spectrum of concen tra ted  l iq u id  s o l u t io n s
o f  p y r e n e ^ '* ^ * ^  i s  broad and s t r u c t u r e l e s s ,  w i th  maximum a t  or
near  4700X a t  25°C. F e r g u s o n ^  has s tud ied  the  excimer emission
of a s o lu t io n  in  cyclohexane g l a s s  a t  77°K and r e p o r t s  a broad
maximum a t  ~4700J?. On the o th e r  hand, the  excimer emiss ion  of
c r y s t a l l i n e  pyrene which i s  blue  a t  25°C appears  green  a t  77°K.
r
This red s h i f t  w i th  d e c reas in g  temperature  i s  r e a d i l y  apparen t  in
12the  work of Ferguson . A s im i l a r  o b se rva t io n  p e r t a i n s  t o  the
excimer emiss ion of pyrene guest  in  melt-grown biphenyl  c r y s t a l
and i s  shown in  F i g . 2. I t  i s  apparen t  t h a t  the  s h i f t  c o n s i s t s
p r im a r i ly  of l e s se n in g  of i n t e n s i t y  of the  h igher  energy reg ion
of the  excimer emiss ion and i s  more a s p e c t r a l  sharpening than  a
s p e c t r a l  s h i f t .  The maximum a t  77°K i s  a t  4720^. These
o bse rv a t io n s  a re  presen ted  in  F i g . 3; they  a re  c o n s i s t e n t  w i th  the
18da ta  of Offen and E l ia so n  who noted t h a t  \  o f  pyrene excimermax
in v a r io u s  c r y s t a l l i n e  environments ( e . g . ,  KBr) occurred between 
4600 - 4640&, hut  when mixed c r y s t a l l i n e  fu s io n  was e f f e c t e d  by 
h igh  p re s su re ,  occurred a t  4710 ± 20$ a t  25°C and 1 atm.
There can be very  l i t t l e  doubt t h a t  the observed emiss ion  o f  the 
mixed c r y s t a l  I s  indeed an excimer f lu o re sc e n c e .




F i g . 2
_  3
Excimer emission of a biphenyl c r y s t a l  con ta in ing  6 x 10 M/M 
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F i g . 3: The e f f e c t  of tempera ture  on v and on h a l f -w id th  of themax
pyrene excimer f lu o rescen ce  in a b iphenyl  hos t -pyrene  guest
_  o
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weak excimer f luo rescence  tends to d i s s a p p e a r .  In  c e r t a i n  m el t -  
grown c r y s t a l s  of  very  low c o n c e n t ra t io n  and p ossess in g  a weak 
excimer c h a r a c t e r i s t i c ,  a d i s t i n c t  s t r u c t u r e  was observable  in 
the  excimer band. This  s t r u c t u r e ,  as observed in  some average 
c r y s t a l s  of  t h i s  type ,  i s  shown i n  F i g . 4. I t  i s  to  be noted t h a t  
these  bands do not s h i f t  wi th  tem pera ture  and the mean of the  
two most in tense  bands I s  approximate ly  4700X. In  o th e r  words, 
the  room tempera ture  spectrum of F i g . 4, when averaged,  i s  c lo s e ly  
s i m i l a r  t o  the 77°K spectrum of F i g . 2.
The next q u e s t io n  concerns the  o r i g i n  of the  s t r u c t u r e .
I t  might be v i b r a t i o n a l ,  in  which case one would envisage coupling
of  monomer or  pseudo-monomer v i b r a t i o n a l  modes to  the  emissive
excimer r e l a x a t i o n  p rocess .  There seems no reason why such
coupling should not occur s ince  th e re  i s  c o n s ide rab le  charge
re so n an c e* ^ * ^  mixing a t  p o s s ib le  p a i r  s e p a r a t io n s  of 2 .5  to  3.58,
d i s t a n c e s  thought a p p ro p r ia te  to  the  excimer geometry. On the
o th e r  hand, the normal u n s t ru c tu re d  excimer emiss ion might very
w el l  r e p re se n t  an average over a whole ensemble of  excimers of
s l i g h t l y  d i f f e r e n t  geometries  and s e p a r a t io n s  as has been d iscussed
21p re v io u s ly  by Azumi and McGlynn . In t h i s  i n s t a n c e ,  i t  would be 
supposed t h a t  only  the more s t a b l e  of  these  excimer geometries  
a re  i s o l a t e d  in  the  c r y s t a l s  whose excimer sp e c t ra  a re  rep re sen ted  
by F i g . 4. In o rder  to  reso lve  t h i s  qu e s t io n  we have a ttempted 
a v i b r a t i o n a l  a n a l y s i s  of the  sp e c t ra  of F i g . 4, and a comparison
87
F i g . 4 S t ru c tu re  in  the  pyrene excimer emiss ion of melt-grown
biphenyl  hos t -pyrene  gues t  c r y s t a l .  Pyrene co n ce n t ra t io n  
-4was ~10 M/M in  a l l  c a se s .
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of  these  a t tem pts  with  an a n a ly s i s  of the prompt f luorescence  
spectrum of  pyrene obtained in the  same c r y s t a l s .  The prompt 
f luo rescence  spectrum is  p resen ted  in  F i g . 5. An a n a ly s i s  of 
the sp e c t ra  of F i g . 4 i s  given in  Table I .  The dominant 
fundamental v i b r a t i o n s  in  the  prompt f luo rescence  spectrum occur 
a t  f req u en c ie s  of 440, 720, 1240, 1400 and 1550 cm \  and i t  i s  
seen from Table I  t h a t  these  same f requenc ies  s u f f i c e  fo r  
i n t e r p r e t a t i o n  of  the  observed excimer s t r u c t u r e .  A f u r t h e r  
t e s t  i s  p o s s ib le  using r e l a t i v e  temperature  dependencies of  the 
band maxima i n  the excimer s p e c t r a .  Since the  coupled v i b r a t i o n s  
a re  supposed to  be ground s t a t e  modes, t h e i r  coupling might be 
expected to  be Independent of tem pera tu re .  The i n t e n s i t i e s  of 
bands 1 and 2 of F i g . 4 were i n v e s t ig a t e d  a t  some twenty d i f f e r e n t  
tem pera tu res  in te rm ed ia te  between 77°K and 295°K; the  r e l a t i v e  
i n t e n s i t y  was found to  be = 0 .58  ± 0.02 a t  a l l  t em pera tu res .
The bands 1 and 3 of the  prompt f lu o re sc en c e ,  whose i n t e n s i t y  
r a t i o  i s  approximately  equal to  the exci-mer spectrum,
were in v e s t i g a t e d  s im ultaneous ly  to  check the assumption concerning 
tempera ture  independence of ground s t a t e  v i b r a t i o n a l  coupling 
made above; the r e l a t i v e  i n t e n s i t y  was found to  be I^ / I^ = 0 .52  ±  0.02 
a t  a l l  t em pera tu res .
On the  o th e r  hand, i f  d i f f e r e n t  excimer s t r u c t u r e s  were 
r e s p o n s ib le  fo r  the observed s t r u c tu r e  one might expect  th a t  the 
r a t i o  of  excimer types would be dependent on temperature  and,
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Fig .  5
%
The prompt f luo rescence  spectrum of pyrene in  a biphenyl 
hos t -pyrene  guest  mixed c r y s t a l  grown from the mel t .  The 
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TABLE I




I n t e n s i t y  
(R e la t iv e  u n i t s ) < V_1\ (cm ) ^ - 1  (cm 1
Average)
A na lys is8
1 VS 21923
21942









19970 2108 1550 + 440
5 W 19247
19525
19374 2547 2 x 1239
6 W 18575
18898
18609 3235 2 x 1550
(a) Based on i n t e r v a l s  observed in  the prompt f luorescence  spectrum.
(b) A weak band i s  observed in  some of the  excimer sp e c t ra  a t
~4660A. I t s  average se p a ra t io n  from the  o r i g in  i s  460 cm"*-.
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b a r r in g  the  so le  p o s s i b i l i t y  of a " lo c k - in "  of  the  given geometry 
by c r y s t a l l i n e  l a t t i c e  r e s t r i c t i o n s ,  one might expect  the  r e l a t i v e  
i n t e n s i t y  of the  v a r io u s  bands to  change w i th  temperature* He are  
t h e r e f o r e  of the opin ion  th a t  the  observed s t r u c t u r e  i s  v i b r a t i o n a l .
Somewhat s i m i l a r  in fe re n ce s  have been made r e c e n t l y  by Kiss and
22 18King and by Offen and E l iason  . All  o f  the  coupled v i b r a t i o n s
23a re  raman a c t iv e  and of symmetry type A ; they  are  th e r e f o re
S
no t  h e lp f u l  i n  implementing the  a llowedness of the excimer
f luo rescence  p rocess .
The f i n a l  qu e s t io n  concerns the  o r i g i n  of the red s h i f t
experienced in  c r y s t a l l i n e  media by a p p l i c a t i o n  of p ressu re  or
by decrease  of tem pera tu re .  We th in k  i t  important  in  t h i s  regard
t h a t  the  maximum X achieved under the above co nd i t io n s  i smax
comparable to  Xniflx of so lu t io n s  i n  l i q u i d s  and g l a s s e s ,  and to
the  mean X of the  spe c t ra  of F i g . 2, which l a t t e r  s p e c t r a  do notmax
e x h ib i t  any s h i f t s  w i th  tem pera tu re .  I t  appears  to us that  more 
than  one geometr ic  conformation of the  excimer must e x i s t ,  and 
t h a t  a l a r g e r  number of d i f f e r e n t  conformations,  and h igher  
c o n c e n t r a t io n  of t h e s e ,  a re  p o s s ib le  in  the  mixed c r y s t a l  environment 
than  i n  s o l u t i o n .  S t a b i l i z a t i o n  of the "non-equi l ib r ium " excimer 
conformation might be caused by c r y s t a l l i n e  packing r e s t r i c t i o n s  
or by c r y s t a l l i n e  energy e f f e c t s .  The ready change w i th  temperature  
i n d i c a t e s ,  however, t h a t  p a r t i a l  r e - e q u i l i b r a t i o n  i s  r e a d i l y  
a ch iev a b le ,  and t h a t  the simple diagram of F i g . 6 prov ides  an a p t ,
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Fig .  6: An id e a l i z e d  schematic of pyrene-pyrene i n t e r a c t i o n s  in  the
mixed c r y s t a l .  R , r e p r e s e n t s  th e  se p a ra t io n  betweenexcimer
two pyrenes in a sandwich c o n f ig u ra t io n ,  and i s  only one of 
many coord in a te s  whose v a r i a t i o n  would lead to  change of  
excimer energy.  The l i n e s  designated  0, 1, 2 . . . .  . 
r e p re se n t  s u p e rp o s i t io n  of v i b r a t i o n a l  monomer energy on 
the  r e p u l s iv e  ground s t a t e .  The Franck-Condon p rocesses  
a t  77°K and 298°K are in d ic a te d  by v e r t i c a l  l i n e s .  B is  
the  average thermal energy of an excimer a t  298°K and A 
i s  the average thermal energy of an excimer a t  77°K - -  
both  r e l a t i v e  to  the  minimum of excimer p o t e n t i a l  energy 
curve.
P O T E N T I A L  E N E R G Y
m
s .  m /  77.K
tftf 298 K
/  —root* <
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i f  not  c o r r e c t  e x p la n a t io n .  The excimer s t a t e  i s  rep re sen ted  by 
a shallow p o t e n t i a l  energy curve which i s  more r e p u l s iv e  a t  small R 
than  la rge  R. The conformation A would re p re se n t  the most probable 
excimeric  spec ies  a t  77°K, whereas B would be the  most probable 
sp ec ie s  a t  298°K. Franck-Condon c o n s id e ra t io n s  i n d i c a t e  a red 
s h i f t  w i th  d ecreas ing  tem pera tu re ;  the important  po in t  i s  t h a t  
curves E and G a re  h ig h ly  d iv e rg en t  to the r i g h t  of 3& and roughly 
p a r a l l e l  to  the l e f t  of 3$. In o rder  to  e x p la in  the  apparent  
tempera ture  independence of of the excimer i n  s o lu t io n  i t
becomes n ecessa ry  to  suppose t h a t  the p o t n e t i a l  w e l l  E i s  of 
h igh e r  cu rva tu re  in s o lu t io n .  U nfo r tuna te ly ,  i n s u f f i c i e n t  da ta  
e x i s t  to  ca r ry  t h i s  sup p o s i t io n  any f u r t h e r .
Phosphorescence Emission
The 0 ,0  band of pyrene phosphorescence occurs a t  
~5950$ in  e i t h e r  the melt-grown or vapor-giown mixed c r y s t a l ,  and 
i s  i d e n t i c a l  in a l l  rega rds  to the  phosphorescence of pyrene in  
EPA a t  77°K. The tempera ture  dependence of phosphorescence 
i n t e n s i t y  i s  shown in  F i g . 7; i t  in c re a se s  sha rp ly  w i th  temperature  
above and near 77°K and t h e r e a f t e r  e x h ib i t s  a slow in c r e a s e .  The 
sharp in c re a s e  near  77°K i s  more p r e c ip i t o u s  the  more impure the  
mixed c r y s t a l  m a t e r i a l s .  The behavior above 110°K i s  qu i te  
c h a r a c t e r i s t i c  and independent of impuri ty  in the ranges of p u r i ty  
i n v e s t i g a t e d  by us.  The phosphorescence decay i s  e xponen t ia l  a t
f
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F i g . 7: The temperature  dependence of the delayed luminescences
of pyrene in  a biphenyl host-pyrene  guest  mixed c r y s t a l .
_  3
Pyrene co ncen t ra t io n  was approximately  10 M/M. The 
delayed f luorescence  and phosphorescence c h a r a c t e r i s t i c s  
a re  t y p i c a l  of both melt-grown and vapor-grown c r y s t a l s .  
The delayed excimer f luorescence  i s  t y p i c a l  only of the 
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a l l  tempera tures  and e x h ib i t s  a slow decrease  w i th  tem pera tu re ;
th ese  behav iors  a re  i l l u s t r a t e d  in  F i g 1s . 8 and 9.
The phenomenological behavior  quoted i s  q u i te  typical^***
of mixed c r y s t a l s  f o r  which the band gap i s  l a r g e ,  as
i t  c e r t a i n l y  i s  here  (~6200 cm * ) .  The e f f e c t s  of in c re a s in g
tempera ture  in  the reg ion  77°K - 110°K i s  to  decrease  the  co n cen t ra t io n
of  e f f e c t i v e  shallow ex c i to n  t r a p s .  Consequently, the guest
phosphorescence i n t e n s i t y  in c re a s e s  in  t h i s  reg ion .  Above 110°K
the phosphorescence i n t e n s i t y  and l i f e t i m e  become remarkably
i n v a r i a n t ,  as i l l u s t r a t e d ,  because the  primary t r i p l e t  depopula t ive
process  of the g ue s t ,  namely, T . , T , _ ,  i s  the rm a l ly  i n e f f i c i e n t .IH 10
The tempera ture  of onset  of rap id  T--  depopula t ive  p rocesses ,  and
10
the  tempera ture  dependence of the  gues t  t above t h i s  onse t
P
11tempera ture  have been in v e s t i g a t e d  in  t h i s  Laboratory as a fu nc t ion
of the T1tI - T, energy gap. The r e s u l t s  of t h i s  study are  presen ted  In  10
elsewhere**. Suff ice  i t  to  say t h a t  the  g ross  behavior  of both 1^
and Tp of pyrene in  biphenyl a re  qu i te  p re d ic ta b le * * .  The small
decrease  of Tp w i th  T i s  Amost c e r t a i n l y  caused by an inc rease
of  n o n - r a d ia t iv e  r e l a x a t i o n  r a t e s ,  p o s s ib ly  the  phonon type of
24d e p le t i v e  process  d iscussed  by Gouterman . The small concomitant 
i n c re a s e  of Ip must be a s so c ia t e d  w i th  con tinu ing  thermal de p le t io n  
o f  shallow and in te rm e d ia te  ex c i to n  t r a p s  or a small temperature  
e f f e c t  on the  nominally  in t r a m o le c u la r  i n te r sy s te m  c ro s s in g  process  
in  pyrene, both e f f e c t s  lead ing  to inc reased  popu la t ion  of T1r,.
ICj
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F i g . 8: The phosphorescence decay behavior  of  a melt-grown c r y s t a l
of b iphenyl  hos t -pyrene  g u e s t .  Pyrene c o n c e n t r a t io n  was
_  3
approximate ly  6 x 10 M/M. I n i t i a l  I n t e n s i t i e s  are  normalized 
to 30 a r b i t r a r y  u n i t s .
#
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F i g . 9: The tempera ture  dependence of  f i r s t  o rder  decay l i f e t i m e s
of phosphorescence (P ) ,  delayed f luorescence  (DF) and 
delayed excimer f luo rescence  (DEF). The dependence of 
DF and P l i f e t i m e s  on temperature  i s  t y p i c a l  of both m el t -  
grown and vapor-grown c r y s t a l s , th a t  of DEF i s  observed only 
in  the melt-grown c r y s t a l .  Pyrene c o n c e n t ra t io n  was 
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Delayed Fluorescence and Delaved Excimer F luorescence  Emissions
The temperature  dependence of DF and DEF i n t e n s i t i e s  i s
shown in  F i g . 7. Both luminescences in c rease  w i th  dec reas in g  tem pera ture ,
a r e  maximum a t  ~180°K and t h e r e a f t e r  decrease  sh a rp ly .  The l i f e t i m e s
of DF and DEF, as in d ica ted  in  F i g . 9, a re  i d e n t i c a l  a t  a l l  t em pera tu res .
There i s  maximal = T„- ,  a t  ~130°K and minimal t_.„ = tv,™ a t  ~L75°K.
Dr DLr Dr DLr
The DF spectrum i s  i d e n t i c a l  to  the prompt f luo rescen ce  spectrum of
F i g . 5 and the DEF spectrum i s  i d e n t i c a l  t o  the  prompt EF spectrum of
F i g . 2. I t  i s  q u i te  c l e a r  from the r e s u l t s  presen ted  t h a t  the DF
and DEF p rocesses  i n i t i a t e  in  i d e n t i c a l  e v e n ts .  The i d e n t i t y
Tpp = tdeF 3 t  tempera tures  i n d ic a te  t h a t  the same t r a p  r e s e r v o i r
se rves  both  p ro cesses .  The remarkable v a r i a t i o n  of the  r e s u l t a n t
t r a p  l i f e t i m e  which i s  r e q u i r e d ,  and which i s  i m p l i c i t  in  F i g . 9,
i n d ic a t e s  t h a t  more than one t r a p  i s  important  and t h a t  none of
these  t r a p s  can be i d e n t i f i e d  as T-_. I t  i s  p o s s ib le  t h a t  the
T ^  T^g a c t i v a t i o n  might be important  a t  h igher  tem pera tu res ,
bu t  we e s t im a te  t h a t  t h i s  tempera ture  would be c lose  to  or a t  the
m el t ing  po in t  of the  mixed c r y s t a l .  We t h e r e f o r e  did not  i n v e s t i g a t e
t h i s  p o s s i b i l i t y  f u r t h e r .
Some delayed f luorescence  decays a re  shown in F i g . 10.
These decay p a t t e r n s  are  i d e n t i c a l  to  those  fo r  DEF. The decay i s
mainly exponen t ia l  below 120°K and above 210°K. In the  in te rv en in g
reg ion  the decay i s  dominantly a n n i h i l a t i o n  l im i te d .
I t  was found t h a t  the i n t e n s i t i e s  I and I-.™ possessedDr DLr
an i d e n t i c a l  dependence on input  photons a t  a l l  tem pera tures
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F i g . 10: The DF decay curves of pyrene a t  d i f f e r e n t  tem pera tu res .
I n i t i a l  i n t e n s i t i e s  a re  normalized to  an a r b i t r a r y  va lue
_3
of 60. The co ncen t ra t io n  of pyrene was 6 x 10 M/M.
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th roughout  the range of o b se rv a t io n .  The dependence was
T (  T \ 2.1
DF W  “  1
Thus, the  DF and DEF processes  a re  b i e x c i t o n i c .  The v a r i a t i o n  of 
exponent, w h i le  o u ts ide  experimenta l  e r r o r ,  i s  su b je c t  t o  so many 
exper imenta l  a r t i f a c t s ,  t h a t  we do not  cons ider  t h i s  v a r i a t i o n  
s i g n i f i c a n t .  The dependence of pyrene phosphorescence on the 
in c id e n t  i n t e n s i t y  was l i n e a r  (sometimes, s l i g h t l y  su b l in e a r )  
a t  a l l  tem pera tu res .
E x c i t a t i o n  Spectra
E x c i t a t io n  sp e c t r a  a re  shown i n  F i g . 11, The e x c i t a t i o n  
reg ion  a t  ~3500X corresponds to a c t i v a t i o n  of the  pyrene;  the 
e x c i t a t i o n  reg ion  a t  ~2750i? corresponds to  a b so rp t io n  by the biphenyl 
h o s t .
The prompt EF i s  maximally e f f i c i e n t  a t  ~3750X e x c i t a t i o n .  
On the  o th e r  hand, the  prompt f lu o rescence  i s  maximally e f f e c t i v e  
a t  ~275oX e x c i t a t i o n .  Since the EF and DF f lu o re sc en c e s  were of 
comparable i n t e n s i t i e s ,  i t  i s  c l e a r ,  g iven roughly equal  numbers 
of emiss ive  monomer and excimer c e n t e r s ,  t h a t  t r a n s f e r  from the 
hos t  ex c i to n  band to  the  nascen t  excimeric  c en te r  i s  l e s s  probable 
than  t r a n s f e r  to  the  pyrene monomer. Indeed, s ince  the  tw o -s ta te  
quantum y ie ld  of an excimer p rocess  i s  expected to  be lower than 
the  f luo rescence  quantum y ie ld  of a pyrene monomer, i t  seems t h a t  
hos t  e x c i to n s  a re  s c a t t e r e d  by the excimer s i t e s  t o  a g r e a t e r
101
F i g . 11: E x c i ta t io n  s p e c t r a  of F and EF a t  185°K and of P, DF and
DEF a t  175°K. The c r y s t a l  was melt-grown; the c o n cen tra t ion
_  3
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degree than they  are  by the  monomer s i t e s *  In o th e r  words, the 
nascen t  excimer s i t e s  must c o n s t i t u t e  p e r t u r b a t i o n  a re a s  of the 
hos t  l a t t i c e *
Delayed f luo rescen ce  and delayed excimer f luo rescence
a re  produced, almost e x c lu s iv e ly ,  by the  biphenyl e x c i t a t i o n  process
a t  ~275o£* The e f f i c a c y  of pyrene e x c i t a t i o n  I s  n e g l ig ib le *  This
suppor ts  the  con ten t ion  p rev io u s ly  made t h a t  T e x c i t a t i o n  p rocesses
1G
are  of  no importance to  the  a n n i h i l a t i o n  events  which produce DF or 
DEF.
The phosphorescence and f lu o rescen ce  p rocesses  a re  i d e n t i c a l  
in  every way in  t h e i r  e x c i t a t i o n  c h a r a c t e r i s t i c s .
DISCUSSION
The fo l low ing  conclusions  fol low a u to m a t i c a l ly  from the 
exper imenta l  r e s u l t s :
( i )  Events p roduct ive  of DF or DEF a re  b i e x c i t o n i c .
( i i )  The T._ pyrene s t a t e  i s  not  involved in the1G
thermal e x i c t a t i o n  event lead ing  to  p roduct ion  of DF or DEF.
( i i i )  The k i n e t i c s  of DF and DEF product ion  a re  i d e n t i c a l .  
I t  now remains t o  a t tem pt  d e te rm in a t io n  of the  depths  and l i f e t i m e
of the t r a p s  which serve a s  energy r e s e r v o i r s  fo r  the a n n i h i l a t i v e  
e v en ts .
We now cons ider  the  k i n e t i c s  of a n n i h i l a t i o n ,  but  we w i l l  
do so in  a q u a l i t a t i v e  way. More p r e c i s e  c o n s id e ra t io n s  lead ing  
to  i d e n t i c a l  conclus ions  a re  to  be found e l s e w h e r e ^ .  We assume 
f o r  the  moment t h a t  the  important  thermal event lead ing  t o  product ion  
of  DF and DEF i s  a v i b r a t i o n a l  e x c i t a t i o n  of a d e fe c t  spec ies
T1 D " T1D ; kr  « exP(-AEt /kT)
where T* i s  q u as i -d eg e n era te  w i th  T .„  and AE. i s  the  d e fe c t  t r a p  ID in  t
dep th .  The t r a n s f e r  p ro cesses  T*^ -* T -* T^^ a re  now supposed to 
ensue,  to  be r e l a t i v e l y  temperature  independent , and to  precede 
a n n i h i l a t i v e  p roduc t ion  of the DF or DEF e v e n t s .  Accordingly ,  in  
view of the b i e x c i t o n i c  n a tu re  of the e v e n ts ,  we may w r i te
I DF(or  W  “  n ( I lG,n (T lD)
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Since the  guest  phosphorescence i s  r e l a t i v e l y  i n s e n s i t i v e  to  
temperature  we may assume t h a t  the d e n s i ty  of gues t  t r i p l e t s  i s  
not  a fu n c t io n  of tem pera tu re .  Consequently,
I BF<0r 1DEF) “  n ( I lD) e ' 4Et/kT
or
I DF*'°r  W ^ p  d e fe c t  “
P l o t s  of log I _ „ / I  , ,  . ve rsus  1/T were made, I  , , _ being 
°  DF p d e fe c t  * p d e fe c t  °
t h a t  fo r  the  pyrene a s so c ia t e d  impur i ty  phosphorescence a t  21,225 cm .
A r e l a t i v e l y  s t r a i g h t  l in e  of slope 800 cm * was obtained  in  the  region
120 - 160°K. U nfo r tuna te ly ,  t h i s  &Et  does not c o r r e l a t e  w ith  the
observed T ,„  - T,_ sp e c t ro sc o p ic  gap. E f f o r t s  to p l o t  I _ _ / l  , <- .1H ID.. o r  DF p de fec t
-1v e rsu s  1/T f o r  the  biphenyl a s so c ia te d  impuri ty  a t  20,110 cm 
were a t tem pted .  While such p l o t s  in d ic a t e  ~  1000 cm  ̂ they a re  
not  considered s i g n i f i c a n t  because the  biphenyl a s so c ia te d  impuri ty  
phosphorescence i s  of much too low i n t e n s i t y  fo r  any accu ra te  
measurements.
The f e a s i b i l i t y  of an a l t e r n a t i v e  approach should a l s o
be i n v e s t i g a t e d .  For example, T ^  might be the rm al ly  ex c i te d  in to
the  host  e x c i to n  band and might a n n ih i l a t e  ano ther  T ^  sp e c ie s ;
the  r e s u l t a n t  energy in t h i s  d e fe c t  sp ec ie s  would then be s u f f i c i e n t
to  push i t  i n to  the  S .„  e x c i to n  band in  which i t  would migrate  u n t i l
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i t  loca ted  a pyren ic  s i t e .  DF or DEF of pyrene would then r e s u l t . - 
U n fo r tu n a te ly ,  while  cons ider ing  t h i s  process  l i k e l y ,  we have no 
d a ta  whereby we might i n v e s t i g a t e  t h i s ,  or r e l a t e d  p o s s i b i l i t i e s
105
f u r t h e r .
Another approach may be made v i a  the  l i f e t im e  of the 
delayed f luo rescence  p rocess .  I t  i s  r e a d i l y  seen from the p os tu la ted  
mechanism ( i . e . ,  d e fe c t  - guest  t r i p l e t - t r i p l e t  a n n ih i l a t i o n )  t h a t
( I / V df .  .-* * ,*
where K* = + k , being the f i r s t  o rder  depopu la t ive  r a t e3D 3D r ’ 3D
cons tan t  fo r  the d e fe c t  sp e c ie s ,  anc* being the  same fo r
the  gues t  sp e c ie s ,  T . Thus,1G
I / t = 1 / t  + 1 / T*/ t DF ' p guest  /Tp d e fe c t
At low tem pera tu res ,  say 77°K, we may s e t  kr  =“ 0, and t h e r e f o r e ,
” K3G^T " ^DF " K3G^77°K = kr  <XexP(“^Et- / ,cT)
Data on the decay p rocesses  a re  p l o t t e d  in  F i g . 12. The lowest 
temperature  a t  which reasonable  decay measurements could be made 
was 123°K, and kr  was assumed to  approximately  zero a t  t h i s  
temperature  in  drawing the p l o t  of F i g . 12. Good l i n e a r i t y  o b ta in s  
in  F i g . 12 over the temperature  range 123-177°K. The a c t i v a t i o n  
energy obtained i s  AEt  1000 ±  150 cm
Thus, the thermal e x c i t a t i o n  process  r e q u i r e s  the presence 
of a t r a p  l e v e l  s i t u a t e  ~1000 cm * lower e n e r g e t i c a l l y  than T,
I n
and of r a t e  cons tan t  i  2 .8  sec Given t h i s  T ^  s t a t e  in  a 
b iphenyl  hos t-pyrene  guest  system, the  o r i g i n  of the  delayed 
luminescences may be unders tood.  I t  i s  p o ss ib le  t h a t  the T^ 
s t a t e  in  ques t ion  i s  supplied by the t r i p l e t  s t a t e  of  the pyrene 
a s so c ia te d  impuri ty ,  but  we do not cons ider  t h i s  ve ry  l i k e l y .
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F ig .  12: A p lo t  of log [(K^, - - (KDp - K3G) 1230K̂  ve rsus
fo r  a melt-grown biphenyl  hos t -pyrene  guest  c r y s t a l .  Pyrene
- 3co n ce n t ra t io n  was 2 x 10 M/M.






The i tem of most i n t e r e s t  i s  the  o b se rv a t ion  t h a t  excimer 
emiss ion occurs  a t  a l l .  I t  i s  thereby  in d ic a te d  t h a t  two or  more 
contiguous pyrene u n i t s  may be in co rp o ra ted  in to  the  hos t  c r y s t a l  
in  such a way as  to  provide fo r  excimer formation when one of the  
pyrene u n i t s  i s  e x c i t e d ;  i t  a l s o  appears  t h a t  some, but  by hq means 
g r e a t ,  d i s r u p t io n  of the h os t  l a t t i c e  th e reb y  o ccu rs .  The remainder 
o f  the r e s u l t s ,  a t  l e a s t  in  r e t r o s p e c t ,  a re  not  a t  a l l  unexpected.
The tempera ture  dependence o f  phosphorescence decay r a t e s  a re  of 
much i n t e r e s t  in  t h e i r  own r i g h t ,  and w i l l  be the  su b je c t  of 
a n o th e r  communication from these  L a b o r a t o r i e s ^ .
The m a t e r i a l s  i n v e s t i g a t e d  in  t h i s  work were n o t ,  as 
i n d i c a t e d ,  p u re .  One might ques t ion  the  wisdom of working w ith  
such systems. However, based on our e x p er ience ,  we a re  of  the 
op in ion  t h a t  g u e s t -h o s t  systems of la rg e  T ,„  - T,_ band-to-band
l H  lur
gap w i l l  e x h i b i t  luminescence and photoconductive  phenomenology 
l a r g e l y  condit ioned by a d v e n t i t i o u s  d e fe c t s  and i m p u r i t i e s .  The 
e l im in a t i o n  of the  phenomenology, in  these  i n s t a n c e s ,  by p u r i f i c a t i o n  
and c r y s t a l  growth p rocedures ,  a re  such formidable  t a sk s  t h a t  we 
c ons ider  them h ig h ly  im poss ib le .  Nonetheless ,  we have such an 
a t tem p t  underway.
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CHAPTER IV
SEMIEMPIRICAL MOLECULAR ORBITAL CALCULATIONS: 
DIMERS OF BENZENE
INTRODUCTION
Excimer f luorescence  i s  a dimer emission o f  type -* Sq ; 
t h i s  dimer i s  s t a b le  w i th  r e sp ec t  to  monomers in the  lowest energy 
ex c i te d  s t a t e ,  but  uns tab le  w ith  re sp ec t  to  monomers in the  Sq
ground s t a t e .  The phenomenon of excimer f luo rescence  i s  q u i te  wel l
u 1 ,2 ,3  known * * .
Almost a l l  quantum chemical approaches to  a d e s c r i p t i o n  
of the excimer s t a t e  ( i . e . ,  the  dimer s t a t e )  have rep re sen ted  t h i s  
s t a t e  as a l i n e a r  combination of d e lo c a l i z e d  charge resonance s t a t e s  
and d e lo c a l ize d  molecular  ex c i to n  s t a t e s ^ ’ ^ . As f a r  as we are  
aware, only two c a l c u l a t i o n s  d e p a r t in g  from the molecular  e x c i to n -  
charge resonance c o n f ig u ra t io n  i n t e r a c t i o n  model have been re p o r te d :
g
Azumi and Azumi used a simple Hiickel MO formalism in which the MO's
9
spanned the whole o f  the "tt- space" o f  the  dimer;  Chesnut e t  a l .
app l ied  the  s tandard  form of the  extended Hiickel theory  to a b a s i s
se t  c o n s i s t in g  of C„ , C„ , C„ and C„ AO's fo r  each carbon cen te r2s* 2px’ 2py 2pz
and a AO fo r  each hydrogen c e n te r .
Most of the computat ions r e l e v a n t  to  excimer en e rg ies
have been made only on the excimer of h ighes t  symmetry, namely t h a t
excimer geometry in which one of the monomers i s  e x ac t ly  superposed
above the plane of the  o th e r .  Azumi and Azumi^ have taken the  D_, r 2h
excimer of naphtha lene ,  r o t a t e d  one naphthalene about the  common 
D ^  p r i n c i p a l  a x i s ,  and eva lua ted  the  excimer en e rg ie s  by the 
molecular  exc i to n -ch a rge  resonance approach. They concluded th a t  the
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most symmetrical excimer ( I . e . ,  was m° s t  s t a b l e .  Chesnut
9
e t  a l .  considered the D,, benzene excimer:  they a l s o  eva lua ted  the ----------  on
excimer energ ies  a t  two excimer conformations:  One was obtained
from the D,, spec ies  by a r o t a t i o n  of one benzene about the p r i n c i p a l  on
a x i s  by 30°, while  the  o th e r  was generated  by m ain ta in in g  r in g -
p a r a l l e l i s m  but moving one r in g  h o r i z o n t a l l y  with  re sp ec t  to  the
o th e r .  I t  was concluded th a t  the  most symmetrical excimer ( i . e . ,  ■ W
was the most s t a b l e .
The su b jec t  of excimer f luo rescence  l i f e t i m e s  has been
q u i t e  c o n f u s i n g ^ .  However, i t  would appear t h a t  good va lu es  of
the r a d i a t i v e  decay c o n s ta n t s ,  k , of a number of excimerFD
flu o rescences  a re  now a v a i l a b l e :  fo r  example; k j ^ b e n z e n e )  “̂=2. lxlO^sec \
1 6 “  1and k^,p(toluene) =3.3x10 sec . Now, the f luo rescence  of a
benzene excimer i s  gtfoup t h e o r e t i c a l l y  forb idden ( i . e . ,  k_ =0).FD
Thus, the q u es t io n  of where k ^  o b ta ins  i t s  magnitude i s  r e l e v a n t .
I t  i s  p o s s ib le  t h a t  the a llowedness i s  o i  a v ib ro n ic  n a tu re ;  i t  i s  
eq u a l ly  p robable ,  however, t h a t  the excimer i s  simply not  as symmetrical 
an e n t i t y  as has been p rev io u s ly  supposed. Azumi and Azumi^ tend 
toward the  l a t t e r  po in t  of view fo r  the naphthalene excimer bu t ,  
u n f o r tu n a te ly ,  t h e i r  conclusions  concerning excimer s t r u c t u r e  are  
i n c o n s i s t e n t :  The lowest energy naphthalene excimer i s  found to
be whereas the excimer which y i e l d s  agreement with  the observed
kpp 10^ sec  ̂ i s  found to  be
113
T herefo re ,  the purpose of the p re sen t  work Is  twofold:  To
I n v e s t i g a t e  the s t r u c tu r e  of the benzene excimer and to  a t tempt
I n t e r p r e t a t i o n  of the observed v a lues  of In terms of the excimer
s t r u c t u r e .  To t h i s  end, we have chosen to  use a v a r i a n t  of  the
extended Hiickel approach which has been descr ibed  in  d e t a i l  e lsewhere.
9
We b e l i e v e ,  w i th  Chesnut crt a l . , t h a t  t h i s  c a l c u l a t l o n a l  approach 
i s  i d e a l l y  s u i t e d  to the d i s c u s s io n  of s t r u c t u r a l  f e a tu r e s  ordained 
by weak bonds - a s i t u a t i o n  which su re ly  holds fo r  excimers .
9
The p re sen t  computations d i f f e r  from those  of Chesnut £t^ a l .  
in  the fo l low ing  r eg a rd s :
( i )  The c a l c u l a t i o n s  are  c a r r i e d  through to s e l f - c o n s i s t e n c y  
of e l e c t r o n i c  charge and c o n f ig u ra t io n ** .  The a b i l i t y  to  achieve 
s e l f - c o n s i s t e n c y  depends on the use of a h e av i ly  damped i t e r a t i v e  
procedure and the use of an ex press ion  fo r  the va lence  s t a t e  io n iz a t i o n  
p o t e n t i a l s  (VSIE) given by**
Hu  = A(POP.) - C + Bq 
where POP^ i s  the  o r b i t a l  occupation number of o r b i t a l  i ,  where q 
i s  the  ne t  charge on the atom, and where the va lues  of A, B and C 
f o r  d i f f e r e n t  o r b i t a l s  on d i f f e r e n t  c e n te r s  a re  given in Table I .
(id> The resonance i n t e g r a l s  are  approximated by the
12 13Cusach 's  exp re ss io n  , which we have a l r e a d y  shown to  be e i t h e r
9
su p e r io r  or  equal to  the approximation used by Chesnut e_t a l .
( i i i )  The i s e  of an "atoms-in-molecules"  approach which 
s p l i t s  the input  AO degeneracy of o r b i t a l s  wi th  the same p r i n c i p a l
114
TABLE 1
VALENCE STATE IONIZATION ENERGY PARAMETERIZATION
Atom O r b i t a l A C B
Carbon 2S






-12 .90  11.90 
-10 .32  9.52
Hydrogen Has - 0 . 121q3 + 13.97q2 + 26.93q + 13.6
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quantum number. This approach i s  bes t  i l l u s t r a t e d  as follows:
In methane the 2Px> 2p^ and 2pz AO of carbon are  c l e a r l y  degenera te ;
in a c e ty le n e ,  where the  z -a x i s  i s  defined along the C-C bond, the
2px and 2p^ AO's a re  c l e a r l y  degenera te  and of l e s s e r  binding energy
than  the 2p AO; in  e th y len e ,  where the  z -a x i s  i s  defined  pe rpend icu la r  z
to  the molecular  p lane ,  the  2P AO i s  unique and i s  of l e s s e r  bindingz
energy . than  the degenera te  2p , 2p p a i r .  The experimental  n e c e s s i ty
x y
for such an approach is best exemplified by the groBS inability of
extended MO c a l c u l a t i o n s ,  wi th  or without  s e l f - c o n s i s t e n c y  procedures ,
to  reproduce the i o n iz a t i o n  p o t e n t i a l s  of unsa tu ra ted  molecules or
render  a  proper account of c t - t t  se p a ra t io n  e n e rg ie s .  The t h e o r e t i c a l
n e c e s s i t y  fo r  t h i s  approach r e l a t e s  to  c r y s t a l  f i e l d  e f f e c t s  a r i s i n g
from charge r e d i s t r i b u t i o n  in the  molecule ,  n uc lea r  f i e l d  p e n e t r a t io n
e f f e c t s ,  e l e c t r o n  r e p u l s io n  e f f e c t s  not p roper ly  considered in  the
MO c a l c u l a t i o n s ,  e t c .  This "a tom s- in-molecu les"  approach w i l l  be
14considered  in  d e t a i l  l a t e r  ; f o r  the  moment, we merely note t h a t  
the use of the  e q u a l i t y  VSIE(2pz>=0.8[VSIE(2px ,2py) ] fo r  carbon of 
benzene leads  to  io n iz a t i o n  p o t e n t i a l s  and a -n  s e p a ra t io n s  which are  
reasonable  and an MO scheme fo r  benzene which i s  in remarkable 
accord with the SCR MO scheme of Moskowitz e t  a l .  We have used the 
above VSIE e q u a l i t y  throughout t h i s  work.
( iv )  A ve ry  la rge  range of p oss ib le  excimer geometries 
i s  cons idered .
(v) P a r t i c u l a r  emphasis i s  placed on the o s c i l l a t o r  
s t r e n g th s  and l i f e t i m e s  of dimer t r a n s i t i o n s .
(v l )  Some a t t e n t i o n  i s  paid to  the ques t ion  of  excimer
bonding.
(vii)Some computations have been c a r r i e d  out  using s ing le  
S l a t e r  m im ic s ^  of the c o r r e c t  n e u t r a l  atom SCF AO's.
RESULTS
The benzene rings were maintained hexagonal. The C-C and 
C-H nearest neighbor distances in any one ring were taken to remain 
constant a t  1.397 and 1.084&, respective ly .
The to ta l  energy of a given s ta te  appropriate to a specif ic  
dimer geometry was computed as a sum of e lec t ron ic  MO energies. Since 
a l l  valence o rb i ta l s  are considered, 60 dimer MO's r e s u l t .  Of these, 
the f i r s t  t h i r t y  are f i l l e d  in the ground s ta te .  The t r a n s i t io n  
corresponding to the o rb i ta l  de-excita t ion  31 -+ 30 i s  the excimer 
fluorescence. The ground s ta te  is  designated G. The s ta te s  produced
by exc i ta t ion  from the highest energy f i l l e d  MO of G to the two
i
lowest energy unf i l led  MO's of G are designated and E^, respectively .  
Other s ta te s  shown are designated E^, E^, e t c . ,  in order of increasing 
energy. The s t a b i l i t y  ( i . e . ,  repulsion or a t t ra c t io n )  of a given 
s ta te  of a dimer of specif ic  geometry is  calculated as the energy 
difference between that  s ta te  and the corresponding sta te  of two 
in f in i t e ly  separated benzene molecules.
The re su l t s  of to t a l  energy calculat ions are presented in 
F i g ' s . 1, 2, and 3. Excimer geometries and coordinate var ia t ions  
appropriate to F i g ' s . 1, 2, and 3 are shown in F ig ' s .  4, 5, and 4r 
respective ly .  The in t r in s i c  emissive l i fe t im e ,  1 and the
o s c i l l a to r  strength of the excimer fluorescence have been computed 
in a l l  Instances; the r e su l t s  of a representa t ive  number of these 
computations are shown in Table 11. The re su l t s  of a Mulliken 
population analysis are shown in Table 1X1.
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F i g . l :  P o t e n t i a l  energy curves fo r  a few low-ly ing  s t a t e s  of a
D,, benzene dimer of geometr ica l  conformation[Ax=Ay=9 =0 =0; on y z
Az v a r i a b l e ] .  Monomer e x c i t a t i o n  en e rg ie s  are  shown by 
v e r t i c a l  arrows a t  r i g h t .  The excimer f luorescence  appropr ia te  
to  t h i s  geometr ica l  conformation should correspond preponderan t ly  
to  the v e r t i c a l  arrow in  the  middle of the diagram. Only 
those  s t a t e s  which we choose to  d i sc u ss  f u r t h e r  in  the  t e x t  
a re  l a b e l l e d .  For coord ina te  i d e n t i f i c a t i o n s ,  see F i g ' s .  4 
and 5.
S T A B I L I Z A T I O N  E N E R G Y  ( e v )
l\>ro oo rororo roro
m m<7> ro
m




3.14  6 e v
5 .0 1 2  ev
3 . 4  8 6 ev
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Fig .  2 P o t e n t i a l  energy curves fo r  the  two lowest s t a t e s  of benzene
dimers of the fo l lowing geometr ica l  conformations:
open c i r c l e s :  [Ax=0x=0y=0z=O! Az=3.sX; Ay v a r i a b l e ]
open squares :  [Ay=0x=0^=0z=O; az=3.5X; Ax v a r i a b l e ]
open t r i a n g l e s :  [0 =0 =0 =0; Az=3.5X; Ax=0.873&;x y z
Ay=0.75&X ( A r = l .155^)].































F i g . 3: P o t e n t i a l  energy curves f o r  the two lowest energy s t a t e s
of benzene dimers of the  fo l lowing geometr ica l  conformations:
open c i r c l e s :  [Ax=Ay=0 =0 =0; &z=3.sX; 0 v a r i a b l e ]x y
open squares :  [Ax=Ay-0 =0 =0; az= 3 . sX; 0 v a r i a b l e ]y z x
open t r i a n g l e s :  [ ax=Ay=9 =0 =0; Az=3.sX; 0 v a r i a b l e ]x y z















F i g . 4: I d e n t i f i c a t i o n  of coo rd in a te s  x, y, and z, r o t a t i o n s ,  6  , 6x y
and 0 , and displacement &z fo r  the benzene excimer. The z
D,, benzene dimer i s  a l s o  i l l u s t r a t e d ,  and the atom numbering
Oil
convention i s  s p e c i f i e d .
6  5
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F i g . 5: I d e n t i f i c a t i o n  of d isp lacem ents  &x, Ay and Ar fo r  the benzene
excimer. Also shown, in  p lan e ,  a re  C ^ ,  and dimers.
The dashed hexagon i s  below the  plane of  the  paper ,  the  f u l l -  
l in e d  hexagon i s  above the plane of  the paper .  In a l l  cases 
shown, 0  = 0  = 0  =0 .
2 h
-Ay
Az = 3 . 5  A;Ax = 0;Ay > 0
A,x
Az = 3 . 5  A; Ax,Ay > 0 
( Ar )2 =( Ax)2 + ( Ay) 2
Az = 3 . 5 A i A y = 0 ; A x > 0
X
C O O R D I N A T E S
TABLE I I
LIFETIME, OSCILLATOR STRENGTH AND POLARIZATION*OF EXCIMER FLUORESCENCE
Excimer Conformation
O s c i l l a to r
Strength


















D6 h 0 0  - 3.5" 0 0 0
00 0 —
S 2
0.87 0.76 3.5 0 0 0 00 0  * —
c . 0 0 3.5 0 0 3° 3.9 x IO* 4 6  x 1 0 ‘ 6 x,y0
C 6
0 0 3.5 0 0 5° 1. 5 x io "4 1 . 6  x IO" 5 x,y
C 6
0 0 3.5 0 0 1 0 ° 4.7 x 1 0 " 5 5.0 x IO" 5 *,y
C 6
0 0 3.5 0 0 15° 3.4  x i o " 5 6 . 8  x IO" 5 »,y
° 6
0 0 3.5 0 0 2 0 °
o
4.4  x i o " 5
-4




0 0 3.5 0 0 25 1 . 2  x 1 0 1.9 x 10 x,y
C 6
0 0 3.5 0 0 30° 00 0 —
C2 v 0 0 3.5 5° 0 o
0 2.7 x io "6
- 6
8.48 x 10 4  
-4
z
C2v 0 0 3.5 0 5 0 2.7 x 1 0 8.53 x 10 H z
C2 v 0 0 3.5 5° 5° 0 5 . 6  x io " 6 4.14 x 10 4 z
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TABLE I I I












Sta te <Cj|c7> <c2 |c8) <c3 |c9> <c4 lc10> <c |CM > <c6 |c12) Tota l
Overlap
Populati
° 6 h 0 0 3.5 —
i- ,
■ o ' 0 G -0.0016 -0.0016 -0.0016 -0.0016 -0.0016 -0.0016 -0.0096
D6 h 0 0 3.5 0 0 0 E, -0.0016 0 . 0 1 1 1 0.0108 -0.0016 0 . 0 1 1 1 0.0108 0.0406
D6 h 0 0 3.5 0 0 0 E? -0.0075 0.0046 0.0043 -0.0075 0.0046 0.0043 0.0028
D6 h 0 0 3.5 0 0 0 E5 0 . 0 0 1 0 0.0087 0.0085 0 . 0 0 1 0 0.0087 0.0085 0.0364
C*
0 0 3.5 5° 5° 0 E, 0.0108 0.0056 -0.0005 0.0176 0.0084 -0.0007 0.0412
C2 v 0 0 3.5 0 5° 0 E 1 0.0116 0 . 0 0 2 1 0.0031 0.0192 0.0031 0 . 0 0 2 1 0.0412
a) The in t r a p la n a r  overlap popula t ion  between any two adjacent  carbon atoms of benzene is  1.1373 a t  a C-C 
d is tance  of 1.397$. The in t e r p la n a r  overlap populat ion  between two ad jacen t  carbon atoms in  d i f f e r e n t  
molecular  planes of  the excimer correspond to  an approximate C-C d is tan ce  of 3.5$.
b) The overlap  populat ion between two ad jacen t  c en te rs  i s  w r i t t e n  (C. |C .) ,  where C i s  carbon. Pdz atom
 ̂ J
numbering conventions,  see F i g . 4 #
DISCUSSION
The ground s t a t e  of the dimer i s  always found to  be
d i s s o c i a t i v e .  For example, a t  [Ax=Ay=0x=®y~®z=°» Az=3.4&] i t
was found th a t  AG=0.288ev and AE^= -0 .128ev;  these  numbers are
9in  c lose  correspondence w i th  the r e s u l t s  of Chesnut et_ a l .  fo r  
the  same conformation: AG=0.21ev and AE^= -0 .19ev .  The r e s u l t s  of
F i g . 3 in d ic a t e  a ve ry  small b a r r i e r  in  the ground s t a t e  G w ith  re sp ec t  
to the  r o t a t i o n  0Z, The g r e a t e s t  magnitude of t h i s  b a r r i e r  i s
0.006ev or ~50cm Thus, to  a l l  i n t e n t s  and purposes,  a f ree  
r o t a t i o n  about z of one r in g  w ith  r e s p e c t  to  the  o th e r  i s  p o s s ib le  
and i s  to  be expected f o r  v i r t u a l l y  any dimer conformation.  The 
r e p u l s io n  energy of the ground s t a t e  i s  mimimized ( f o r  any Az) 
when Ax>0 and &y>0;  the  r e s u l t s  of r e levance  to  t h i s  po in t  a re  
dep ic ted  in  F i g . 2. L a te ra l  movements ( i . e . ,  Ax in c r e a s in g ,  &y 
i n c re a s in g ,  or A-r in c re as in g )  a f f e c t  the  ground s t a t e  energy 
in  complete ly comparable ways. Thus, the s taggered arrangements 
of benzene molecules found in  the  c r y s t a l  or in  the ordered reg ions  
of the  l iq u id  a re  to  be expected.  S l ig h t  t i l t i n g s  of one molecular  
plane w i th  r e s p e c t  to  the o th e r  ( i . e . ,  9 ^ or 0 ’ > 0 ) produce (as 
shown in  F i g . 3) e x t r a  s t a b i l i z a t i o n  of the  G s t a t e ;  such small 
r e l a t i v e  t i l t i n g s  a re  not unconmon in  molecular  c r y s t a l s .
The excimer s t a t e  i s  found to be s t a b le  fo r  v i r t u a l l y
a l l  dimer conformations s tu d ie d .  The minimum excimer energy is
found a t  [Ax=Ay=0; Az=3.5X; 0 =0‘ =5°; 0=0*— 5°] and i s  AE,= -0 .169ev.x y z  i
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The exper im enta l  value* of AÊ  i s  -0 .22ev .  However, the  energy of 
t h e  ground s t a t e  a t  t h i s  conformation i s  AG=0,176ev whereas the 
experimental  value* i s  AG=0.48ev. Thus, the re  i s  g ross  but by 
no means exact  agreement with  experiment .  The b a r r i e r  to  the 
i n t e r n a l  r o t a t i o n  0  in the E. s t a t e  i s  ~100 cm * a t  Az=3.5X. Thus,
Z X
the re  i s  a more or l e s s  f r e e  r o t a t i o n  p o s s ib le  about  the  z - a x i s .
D e s t a b i l i z a t i o n  of the  excimer s t a t e  r e s u l t s  from l a t e r a l  motions
along y, x, or  r ; t h i s  d e s t a b i l i z a t i o n  i s  ev iden t  in  F ig .2 .  The
primary p o in t  i s  th a t  the  most s t a b le  E^ s t a t e  i s  achieved not in
the  D,, sp e c ie s ,  but  in  a sp ec ie s  in  which one benzene i s  s l i g h t l y  bn
t i l t e d  about the  x and y axes,  and r o t a t e d  about the  z - a x i s  with
»
r e s p e c t  to  the  b th e r  benzene.
There a re  many ex c i te d  s t a t e s  of the dimer which are  
s t a b l e  - s t a b le  in  the  sense t h a t  the  s t a b i l i z a t i o n  energy curves 
e x h ib i t  negat ive  minima. One of t h e s e ,  namely E^, i s  shown in 
F i g . l  as a fun c t io n  of Az. There a re  a l s o  many s t a t e s  of the 
dimer which a re  d i s s o c i a t i v e  w i th  r e s p e c t  to  a l l  coord ina te  v a r i a t i o n s .  
In  t h i s  reg a rd ,  the benzene dimer d i f f e r s  from an o rd in a ry  molecule 
only  in  i t s  possess ion  of a d i s s o c i a t i v e  ground s t a t e .
The experimenta l  i n t r i n s i c  emiss ive l i f e t i m e  of excimer 
f luo rescen ce ,  reduced to  a va lue  a p p ro p r ia te  to  a medium of u n i t
O " 6r e f r a c t i v e  index, i s  t __~10 sec.  In sp e c t io n  of Table I I  i n d i c a t e sr D
t h a t  t h i s  l i f e t i m e  i s  e x p l ic a b le  only i f  the dimer geometry a t  f ixed 
[Ax=Ay=0;Az=3.5&] i s  a l s o  of a r o t a t e d  and/or  t i l t e d  n a tu r e .  The
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s h o r t e s t  l i f e t i m e  computed fo r  [Ax=Ay=0 =0v=O; Az =;3.5X; 02  v a r i a b l e ]x y
i s  3.40 x 10 5  sec which Is  too la rge  by a f a c t o r  of 30. However,
s l i g h t  t i l t i n g  induces t r a n s i t i o n  moments of the c o r r e c t  magnitude.
I t  I s  of n o te ,  a l though  i t  could be c o in c id e n ta l ,  t h a t  the  computations
produce a va lue  of t° which agrees  w i th  experiment fo r  p r e c i s e ly
FD
th a t  excimer geometry which i s  p red ic te d  to  be most s t a b l e .
There i s  a l s o  one o th e r  s i g n i f i c a n t  p r e d i c t i o n :  The luminescence w i l l
be dominantly in -p la n e  p o la r ize d  i f  the  a llowedness of the  excimer
f luorescence  d e r iv e s  from a dimer conformation [Ax=Ay=0 =0^=0; Az =j 3.58;y x
0  v a r i a b l e ] ;  on the  o th e r  h a n d , i t  w i l l  be dominantly  o u t -o f -p la n e  z
po la r ize d  fo r  any conformation in  which e i t h e r  or both of 0 ^ and 0 ^
do not equal  ze ro .  Such experimental  in fo rm at ion  a s  i s  a v a i l a b l e
r e l a t e s  only to  the  pyrene excimer which e x h i b i t s  a luminescence of
17 18dominant in -p lan e  p o l a r i z a t i o n  ' . Of course ,  the  pyrene da ta  do
not apply ,  except in  a most obl ique  way, to  benzene.
I t  i s  p e r t i n e n t  a t  t h i s  po in t  t o  query the  c o n t r ib u t io n  
which con tac t  excimer a b s o r p t i v i t y ,  say *- G, makes to the  a b s o r p t i v i t y  
of benzene s o l u t io n s .  The word con tac t  as used here  implies  t h a t  
s t a b i l i t y  of the  idimer i s  not a p r e r e q u i s i t e  to  the  a b so rp t ion  of 
l i g h t ;  indeed,  the  only p r e r e q u i s i t e  i s  t h a t  the  two monomers be
t
s u f f i c i e n t l y  c lose  so th a t  th e re  be some i n t e r a c t i o n ,  a t t r a c t i v e  and /o r  
r e p u l s iv e ,  between them. Thus, the  t r a n s i t i o n  E ^  -  G between two 
dimer s t a t e s  which e x h ib i t  no s t a b i l i t y  under almost  a l l  co nd i t io n s  
i s ,  i n  g e n e ra l ,  of equal or h igher  p r o b a b i l i t y  than  the t r a n s i t i o n
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♦- G. The t r a n s i t i o n  *- G possesses  an o s c i l l a t o r  s t r e n g th  
£ ^  0.15 f o r  a l l  dimer conformations fo r  which Az * 3.sX. Now i t  
i s  in  the na tu re  of these  t r a n s i t i o n s  to  be d i f f u s e ,  because any 
reco rdab le  a b so rp t io n  spectrum would n e c e s s a r i l y  o r i g in a t e  from an 
ensemble of  dimers of  a l l  conceivably  p o s s ib le  geometries and 
conformations.  I t  i s  our c o n ten t io n ,  - and t h i s  con ten t ion  d e r iv e s  
s t r a i g h t  forwardly  from the p re sen t  d a ta ,  - t h a t  many of the broad 
continua  which u n d e r l i e  s t r u c tu r e d  ab so rp t io n  sp e c t ra  of s o lu t i o n s ,  
o r i g in a t e  in  con tac t  excimer a b so rp t io n  p ro ce sse s .  C e r t a in ly ,  t h i s  
conclus ion  accords w i th  the  experimental  maxim which implies  h ig hes t  
r e s o l u t i o n  fo r  the most d i l u t e  s o lu t io n  - in  an i n e r t  s o lv e n t ,  of 
course .
19The overlap  popu la t ions  between the two molecular  p lanes  
of the  excimer are  given in  Table 111. P o s i t iv e  numbers should 
i d e n t i f y  a bonding s i t u a t i o n  whereas negat ive  numbers should in d ic a t e  
an an t ibonding  s i t u a t i o n .  Atom numbering conventions used in  Table I I I  
a re  given in F i g . 4. I t  has been found th a t  the  overlap  popu la t ion s  are  
almost e n t i r e l y  Tr,rrwhere rr i s  defined  with  re spec t  to  each r ing
t
p lane .  I t  has a l s o  been found t h a t  the  dominant c o n t r ib u t io n  to 
overlap  p op u la t io n s  a r i s e s  from those  carbon atoms which are  most 
d i r e c t l y  superposed one above the  o th e r ,  and only those a re  shown in 
Table I I I .  The r e s u l t s  of Table I I I  support  a l l  con ten t ion s  based 
on the  energy computations;  The s t a t e  G i s  an t ibonding ,  the s t a t e s
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and a re  bonding and the s t a t e  E^ i s  s l i g h t l y  bonding. Indeed,
i t  i s  probable  tha t  In c lu s io n  of the  overlap  terms (C^|Cg), e t c .
would lead to the  conclusion t h a t  i s  an t ibonding .
A comparison of experiment and computation i s  given in 
I
Table IV. The agreement i s  q u a l i t a t i v e l y  good. The comparison
of va lues  of v _ . ( 0 , 0 ) and v -^m ax)  i s  not p a r t i c u l a r l y  r e le v an t  
f n  r D
because we f ix a t e d  on a p a ra m e te r iz a t io n  scheme which was designed
to  p ro p e r ly  reproduce i o n iz a t i o n  p o t e n t i a l s  and ct, tt s e p a ra t io n s  -
not t r a n s i t i o n  e n e rg ie s .  The comparison of va lues  fo r  AG^-AE^,
however, i s  r e l e v a n t .  I t  i s  c l e a r  t h a t  the computed va lue  of t h i s
l a s t  q u a n t i ty  i s  only 50% of the experimental  value and t h a t  t h i s
d iscrepancy  t r a c e s  back to  d i s c re p a n c ie s  in  AG^. I t  appeared to  us :
t h a t  t h i s  lack of agreement could be remedied by recourse  to  b e t t e r
wavefunct ions .  In l in e  w i th  t h i s  th in k in g ,  we have v a r ie d  the
S la te r  zed and c a r r ied  out some f u r t h e r  computations.  In p a r t i c u l a r
the overlap  a d a p t e d ^  S la t e r  AO's which mimic the c o r r e c t  SCF
wavefunctions over the range of d i s t a n c e s  a v a i l a b l e  w i th in  one
benzene moiety a re  given by Z(C„ ) = 1.60 (1 .619) ,  Z(C„ ) = 1.43 (1.619)
and Z(H ) = 1.00 (K 00)  ; the  normally used S l a t e r  zeds a re  given in 
1 s
b ra c k e t s .  In a d d i t i o n ,  these  ove r lap  adapted S l a t e r  AO's lose
amplitude l e s s  r a p id ly  with d i s t a n c e  than do the  S l a t e r  AO's; th e r e f o re
they should a l s o  be b e t t e r  s u i t e d  to  a d e s c r i p t i o n  o f  in te rm o lecu la r
a f f a i r s .  Thus, using these  new zeds we find a t  [Ax=Ay=0,Az=3.6 $,
8  =0 =5°;0 =0°] th a t  AE, = -0.16ev and AG = 0.46ev in  e x c e l l e n t  x y z J 1
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TABLE IV
COMPARISON OF EXPERIMENT AND COMPUTATION® 
(Computed fo r  the  dimer 
[ Ax=Ay=0; A*=3. sX ; 0x=0y=5°; Qz=0 ])
0
tfd V°*0) vFD(max) “ i iGi ag^ - ae^
VFM<0 ’ 0 >' VFD("“ ’
(sec) (ev) (ev) (ev) (ev) (ev)
1 x 1 0 “ 6 4.586 3.88 - 0 . 2 2 0.48 0.70
5 x 10" 6 3.486 3.136 -0 .17 0.18 0,35
a) v_u ( 0 , 0 ) i s  the  h ighes t  energy band in  the monomer f luorescence  FM
spectrum. v1?T.(0 , 0 ) i s  the  maximum of the  dimer emission band 
t v
( i . e . ,  of the excimer f lu o re s c e n c e ) .
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agreement with  experiment.  Our po in t  here  i s  not t h a t  we have
i d e n t i f i e d  the b e s t  w avefunc t ions , but r a t h e r  t h a t  the primary
s e n s i t i v i t y  to  wavefunction r e s id e s  in  AG. not  AE^. We have
considered  use of the  f u l l  SCF overlap  m a t r ix ,  but d ispensed with
t h i s  on r e a l i z i n g  t h a t  the  th ree  b e s t  SCF a n a l y t i c  wavefunctlons
fo r  C„ or  C„ d i f f e r  from each o th e r  by more than 1007. a t  3.sX 
2 s 2 p J
s e p a ra t io n  from the carbon nuc leus .
COMMENTS
We have p resen ted  a number of semiemplr ica l  computations 
of the energy l e v e l s ,  e t c  a p p ro p r ia te  to  v a r io u s  excimer geom etr ies ;  
the  r e s u l t s  appear to r e l a t e  remarkably wel l  to  experiment .  We 
do n o t ,  however, take t h i s  agreement to  mean t h a t  the  semiemplrical  
approach we have adopted i s  good, or t h a t  none of the  i n t e r p r e t a t i o n s  
provided a re  simple co inc id en ces .  Rather ,  we s t r e s s  the  sugges t ions  
we have made concerning the allowedness of excimer f lu o rescence ,  
the  p o l a r i z a t i o n  o f  same and the o r i g i n s  of the  underly ing  broad 
continue  so common in  ab so rp t io n  spectroscopy  - and the experiments 
which these  sugges t ions  d i c t a t e .  F i n a l l y ,  we note  t h a t  i f  the 
excimer be t i l t e d  i t  should possess  a small but  f i n i t e  d ipo le  moment 
d i r e c t e d  a long the p r i n c i p a l  a x i s ;  t h u s ,  so lven t  e f f e c t s  on the 
p o s i t i o n  of the  excimer f luo rescence  might be obse rvab le .  The 
a v a i l a b l e  da ta  fo r  the  benzene excimer do not s u f f i c e  to  answer t h i s  
q u e s t io n .
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